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ABSTRACT

Bioprosthetic heart valves (BHVs) fail within 12-15 years of implantation due to
limited durability. This limits their application to elderly population. Younger patients
with contraindications for long-term anticoagulant therapy necessary for mechanical
heart valves may also receive BHVs. Investigation into improving valve durability can
lead to longer implant life, increased quality of life for patients receiving BHVs, and a
broadened patient demographic.
Current BHVs are chemically treated with glutaraldehyde (GLUT) to stabilize
collagen via chemical crosslinking and to reduce tissue antigenicity. GLUT fails to
adequately stabilize elastin and glycosaminoglycans (GAGs), essential extracellular
matrix components for valve function and durability.
increases elastin-oriented calcification.

Degradation of elastin also

Previous use of neomycin and carbodiimide

crosslinking has improved GAG stability. Similarly, use of pentagalloyl glucose (PGG), a
plant polyphenol, has previously improved elastin stability in aortic wall and abdominal
aortic aneurysm. We have focused on long term GAG stability using neomycin and
carbodiimide crosslinking to replace GLUT, and the use of neomycin and PGG along
with GLUT to stabilize elastin.
The first study shows improved long term GAG stability when tissue treated with
neomycin and carbodiimide crosslinking is stored for ten months or implanted
subdermally in rats for up to 15 weeks. The second study evaluated stabilization of all
extracellular matrix components against enzymatic degradation in an in vivo model,
mechanical properties, and calcification potential and extracellular matrix stability in a rat
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subdermal model. This study demonstrated a marked increase in extracellular matrix
stability when compared to GLUT control. Further, the changes we saw to mechanical
properties can be attributed to specific crosslinking modalities. Neomycin, PGG and
GLUT crosslinked tissue also demonstrated increased calcification potential in a rat
subdermal model when compared to GLUT controls.
In these studies we present two viable heart valve fixation techniques. One
replaces GLUT with carbodiimide based chemistry, to stabilize GAGs and remove
negative effects caused by GLUT. The other adds neomycin and PGG to GLUT to
stabilize elastin and GAGs in bioprosthetic heart valve leaflets. By stabilizing these
components, in vivo tissue and valve mechanics may improve, accompanied by an
increase in valve durability.
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CHAPTER ONE
LITERATURE REVIEW
1.1 Anatomy of the Heart
The cardiovascular system can be divided into two parts: the heart and the
vasculature. The human heart is a four chambered biomechanical pump which provides
continuous blood flow to the rest of the body [1]. The vasculature is a highly complex
branched network of blood vessels which delivers blood and nutrients to all regions of the
body. During each cycle the heart experiences high pressures, which impose stress on the
walls and valves. Through an average lifespan of 70 years, the heart beats approximately
2.6 billion times [2]. This incredible number of iterations makes the heart the most
heavily used and fatigued muscle in the body.
Comprised of four chambers and four valves, the heart is a complex organ. Blood
flows through a complex route, empties into the heart via the atria, and exits through the
ventricles. Deoxygenated blood enters the heart from the body via the vena cava and
empties into the right atrium. A pressure gradient then drives flow through the tricuspid
valve into the right ventricle [1,3,4]. The heart contracts to push blood through the
pulmonary valve and into the pulmonary artery. This is the only artery with oxygen
deficient blood, used to carry blood to the lungs for oxygenation. Blood returns to the
heart via the pulmonary vein, empties into the left atrium, and a pressure gradient drives
flow through the mitral valve into the left ventricle. Ventricular contractions force blood
through the aortic valve and into the aorta, which delivers blood to secondary arteries.
[1,3,4]
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Figure 1.1. Functional diagram of blood flow through the heart [5].

It is important to note how each valve controls the flow of blood through the heart
(Figure 1.1). The four valves can be divided into two categories: the atrioventricular
valves and the semilunar valves.

The mitral and tricuspid valves are called the

atrioventricular valves because they lie between the atrium and ventricle. The aortic and
pulmonary valves are called the semilunar valves and lie in the arteries leaving the heart.
Two primary heart actions drive flow: diastole and systole.

During diastole the

atrioventricular valves remain closed as the blood flows into the atria. Consequently, this
causes the atrial pressure to increase.

The atrioventricular valves open when atrial

pressure exceeds intraventricular pressure; this pressure gradient drives blood flow into
the ventricles. However, the pressure gradient alone only ejects 80% of the blood. Atrial
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contraction provides the force to expel the remaining 20% of blood volume into the
ventricles. Atrioventricular valves then close to prevent backflow into the atria, during
systole [1,3,4].
A similar pressure based mechanism controls the opening and closing of the
semilunar valves. After the blood flows into the ventricles and the atrioventricular valves
close, insufficient pressure exists to open the semilunar valves. Therefore, ventricular
contraction exerts the force and pressure necessary to eject the blood into the pulmonary
artery and aorta. The semilunar valves open when the ventricular pressure exceeds
pressure in the pulmonary artery or aorta. This causes the pressure in the ventricles to
drop rapidly, and create negative pressure between the ventricle and either pulmonary
artery or aorta, which closes the valve [1,3,4].]

1.1.1 Heart Valves
Leaflets attached to cardiac wall and fibrous skeleton comprise the heart valves
(Figure 1.2). Leaflets are also called cusps, and open or close to prevent blood flow. The
aortic, pulmonary, and tricuspid valves each have three leaflets, while the mitral, also
known as bicuspid, valve has two leaflets. Coaptation occurs when each valve closes and
the leaflet edges come together to seal the valve shut. Leaflet flexibility allows the seal
to form and allows the leaflets to lie against the wall of the chamber or artery during
blood flow. The wide range of stresses the valves experience, combined with their
durability, makes them quite remarkable. They maintain function well despite constant
blood flow, high pressure gradients, blood interactions at the valve surface, and other
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various environmental changes. This high level of stress, seen constantly through several
billion cycles over an average of seventy years, necessitates a highly durable and
specialized structure.

Figure 1.2. Cross section of fibrous skeleton and heart valves [3].

The focus of this review will mainly be on the aortic valve, but it is also important
to understand the specialized structures in the other valves. The atrioventricular valves
are larger and more flexible than the semilunar valves, and they require a specialized
structure called the subvalvular apparatus to prevent prolapse. Atrioventricular valve
prolapse is an event where the leaflets invert and extend back into the atria.

The

subvalvular apparatus contains chordae tendineae, or tendon-like structures, and the
papillary muscles. The leaflets in these valves are connected to papillary muscles via the
chordae tendineae. The papillary muscles are located in the ventricles, and contract to
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prevent prolapse. During systole the chordae tendinae are relaxed. However, during
diastole, the low pressure in the atria causes the flaps to attempt to invert; the chordae
tendineae tighten to prevent this event.

Radial

B Circumferential
B

A

Figure 1.3. Aortic valve leaflet. (A) Cross section of the leaflet showing the organization
of the three layers. (B) Photograph of a leaflet showing the radial and circumferential
directions [6].

The aortic valve controls flow between the left ventricle and the aorta, dividing
flow from the heart into the vasculature. The leaflets are actually an extension of the
fibrous skeleton, and are attached via a fibrous ring called the aortic annulus [3,7,8]. This
load bearing structure helps transfer stresses from the valve to the aortic wall. Aortic
sinuses are dilations of the ascending aorta, located adjacent to the cusps [2,9]. They help
prevent the leaflets from sticking to the aortic wall when the valve is open, and also
promote valve closure. The left anterior and right anterior aortic sinuses give rise to the
coronary arteries, and lie just above the left and right cusps, respectively. A residual
structure exists above the nonpulmonary cusp.
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This posterior aortic sinus, or non-

coronary sinus, does not contain an artery, and creates different flow patterns than the
other cusps.
Connective tissue composes the aortic valve cusps, which are thin, nearly semicircular in shape. Cusps are primarily avascular, and so collect nutrients via diffusion
from the bloodstream. The leaflets are complex microstructurally, but rather simple
macrostructurally. They are attached at the base to the aortic ring, and have a free edge
which provides closure during coaptation. The basal attachment region runs continuously
along the aortic ring until it reaches the free edge. This meeting point is called the
commissure. Higher complexity exists in the microstructure, containing a mixture of
valvular interstitial cells (VICs), valvular endothelial cells (VECs) and extracellular
matrix components (ECM) [7,8].

1.1.1.1 Extracellular Matrix Components
The complexity of the valve leaflets becomes apparent when examining the
extracellular matrix. The leaflets are composed of connective tissue, and formed of a
complex mixture of elastin, collagen, and glycosaminoglycans (GAGs) (Figure 1.4) [1,79]. The durability of the valves is highly contingent upon the condition of the
extracellular matrix, and the continual remodeling which occurs in vivo [10]. Similar to
other connective tissue in the body, the cells present in the leaflets are responsible for
remodeling the extracellular matrix. Each molecule provides an essential role in the
structure, function, flexibility, and durability of the valve.

6

A

B

C

D

Figure 1.4. Extracellular matrix components. (A) Elastin diagram, showing [A] α-helix,
[B] β-structure, and [C] desmosine bond [11]. (B) Collagen diagram demonstrating triple
helix organization [12]. Major GAG subunits (C) chondroitin sulfate and (D) hyaluronon
[13].

1.1.1.1.1 Elastin
Elastin is a fibrillar, lysine-, proline-, and glycine-rich protein found in many
organs, including the circulatory system (Figure 1.4). Elastin comprises approximately
13% of the dry weight in adult aortic valve cusps [14]. Elastin contains protein subunits
called tropoelastin, which polymerize to former elastin fibers. Because of the non-polar
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amino acid structure, elastin is a hydrophobic protein, and forms branches and coils at
the secondary and tertiary level [6,15]. The coiled structure allows elastin to absorb
high loads, maintain high strain (up to 150%), and achieves a low degree of hysteresis
[3,9,10,14].

Therefore elastin contributes the flexibility and mechanical properties

required for the function and cyclic behavior of heart valve leaflets.

1.1.1.1.2 Collagen
Collagen is a glycine-, proline-, and hydroxyproline-rich protein, and forms long
chain subunits which aggregate into a triple helix (Figure 1.4). Glycine is the smallest
amino acid, found approximately every third residue, and plays an important role in the
collagen’s organization into a triple-helix structure. The small size of glycine allows it to
fit well at the interior of each helical fiber and provides space for larger amino acid
residues to fit in the helical structure [16,17]. High proline and hydroxyproline levels
contribute hydrogen bonding essential to formation of the helical structure.

Wide

variation in collagen structure has led to classification of over twenty different protein
variants, but primarily only type I and III collagen are found in heart valve leaflets [16].
Collagen comprises roughly 55% of adult aortic valve cusp dry weight, and exhibits a
high tensile strength [14]. Because of the long fibril formation, collagen can only handle
low torsional or flexural stresses, yet provides much of the durability and strength in the
extracellular matrix [18].

Interactions between collagen and elastin are thought to

contribute to stress resistance in the extracellular matrix.
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1.1.1.1.3 Glycosaminoglycans
Glycosaminoglycans (GAGs) are linear polysaccharides, composed of an amino
sugar and uronic acid group (Figure 1.4) [19]. They can be sulfated or unsulfated, and
form a brush-like structure around a core protein, characteristic of a class of molecules
called proteoglycans [20,21]. GAGs are found in connective tissue throughout the body.
GAGs are highly hydrophilic molecules which trap water to provide a hydrated
environment and further provide high viscosity and compressibility. They are thought to
play a key role in shock dissipation during leaflet flexure [22,23].

1.1.1.2 Valve Cell Types
Two cell types populate native heart valve leaflets: valvular endothelial cells, and
valvular interstitial cells.

Valvular endothelial cells (VECs) form a single blood

contacting layer and line the endothelium, the blood contacting surface of the aortic wall.
They form a single blood contacting layer. VECs present a smooth, non-thrombogenic
surface, which allows smooth and uniform surface blood flow. VECs also produce and
secrete inflammatory and immune regulating proteins. The cell layer also acts as a blood
barrier to the non-vascularized tissue, allowing the passage of nutrients, waste, and cells
via diffusion [1,3,9,24].
Vascular interstitial cells (VICs), also known as myofibroblasts, lie in the internal
portion of the heart valve cusp. They exhibit both smooth muscle cell and fibroblastic
characteristics, and are responsible for maintaining the extracellular matrix in native
valves [8,25,26]. Fibroblast-like remodeling properties drive degradation and synthesis
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of ECM, while the contractile smooth muscle cell like properties aid in maintenance of
internal stress [7,8]. The combination of these properties makes VICs a vital part of the
native heart valves for maintaining proper structural composition of valve leaflets [8].

1.1.1.3 Aortic Valve Layers
The internal framework of the aortic valve is organized into three tissue layers
each contributes a specific and essential component of the valve’s function. The fibrosa
consists primarily of collagen and lies on the aortic side of the valve. The ventricularis
contains the highest levels of elastin of any layer, and lies on the ventricle side of the
valve. Between the fibrosa and the ventricularis, the spongiosa is a gel-like layer where
glycosaminoglycans aggregate (Figure 1.3, 1.5) [2,6,7,25].

Figure 1.5. Aortic valve leaflet structure. (A) Histologic cross section of porcine aortic
valve leaflet showing the three major layers. Approximately top third is fibrosa, middle
third is spongiosa, and bottom third is ventricularis. (B) Diagram of collagen crimping,
corrugations, and elastin orientation during systole and diastole [7].
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1.1.1.3.1 Fibrosa
The location of the fibrosa and the forces exerted on this layer require high load
bearing potential. The fibrosa connects directly to the fibrous ring, acting as a load
bearing anchor point to the aortic wall [8]. A large percentage of collagen in this layer
provides the load bearing capacity. Collagen bundles align circumferentially in this
layer. Collagen microstructure contains crimps, allowing it to expand when exposed to
higher stresses [7]. Natural corrugations also exist, which are visible during systole, but
disappear as collagen is stretched due to tension during diastole [7].

1.1.1.3.2 Spongiosa
The spongiosa layer lies between the ventricularis and fibrosa. It is a gel like
layer rich in GAGs and reputed to act as a shock absorber during leaflet flexure
Opinions in the literature differ on whether the spongiosa is a completely separate layer
or rather an extension of the fibrosa and ventricularis [7,20,27]..

Histological

examination shows the spongiosa to be a separate layer, and the differences in
composition support this view. However, mechanical testing of valve leaflets has been
performed where the layers have been separated, intended to elucidate the mechanical
properties conferred by each valve layer. In this testing, the fibrosa and ventricularis
were separated, with remnants of the spongiosa attached to each layer [6]. This testing
demonstrated that a high degree of interactions exists between the spongiosa and the
other two layers, and a low fatigue life results when its components are removed.
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Regardless of whether the spongiosa constitutes its own layer or not, it remains a vital
component of the valve structure [7,20,28].

1.1.1.3.3 Ventricularis
While the fibrosa bears the load, and the spongiosa helps absorb and dissipate the
load, the ventricularis layer provides extensibility to the leaflets. A higher degree of
radially aligned elastin, combined with intricate collagen interactions, allows the cusp to
expand during diastole and recoil during systole [7,10,14]. These properties are key in
the flow mechanics of the valve, since the ventricularis stretches to increase the
coaptation area during diastole [7,10]. The elastin in this layer also recoils during
systole, helping minimize the size of the cusp, which maximize the cross-sectional flow
area.
Elastin orientation in the ventricularis maintains a natural preload in tension [29].
The theory is that elastin tubules are likely the component preloaded, and that they
contribute to the cups returning to the native configuration [29]. The interactions of
elastin tubules with collagen fibers act to maintain fiber geometry between successive
loading cycles. Sheet elastin also exists in the ventricularis and contributes some degree
of isotropy. However, the interactions between the elastin tubules and collagen fibers
dominate; therefore the mechanical properties are not uniform between radial and
circumferential directions. Consequently, the ventricularis is a highly anisotropic, elastic
tissue layer, which lends extensibility and recoil to the aortic valve leaflet [6].
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1.1.2 Glycosaminoglycans
Glycosaminoglycans (GAGs) are long polysaccharides which contain repeating
disaccharide units.

The disaccharide essentially forms an alternating copolymer of

hexosamine and a sugar (hexuronic acid or hexose) [19,30]. These molecules can be
found distributed throughout the body, more specifically in connective tissue including
cartilage, tendons, synovial fluid, and heart valve cusps. GAGs can be separated into two
classes: sulfated and nonsulfated. The majority of GAGs are sulfated, with the major
exception of hyaluronan. Sulfated GAGs can be attached to central proteins to form
proteoglycans [30]. Since hyaluronan lacks sulfate groups, it does not link to a core, but
rather can act as the core protein [20-22].

B
Figure 1.6.

Bottle brush like structure of proteoglycan aggregate (A) electron

microscopy photomicrograph [31], (B) diagram of proteoglycan aggregate structure and
key elements [32].
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Physiological significant GAG molecules can be classified in five different types:
hyaluronic acid, chondroitin sulfate, dermatin sulfate, keratin sulfate, and heparin sulfate
[21,33].

As mentioned before, heart valve based GAG molecules are primarily

aggregated in the spongiosa layer and they can be bound to a central protein core to form
proteoglycans. As evidenced by electron microscopy, they form a brush-like structure
around the core via glycosidic bonds [19]. In heart valves, hyaluronan typically forms
the protein core while chondroitin sulfate forms the side chain brush structures [23].
GAGs have an innate hydrophilicity, arising from their anionic character [22,32].
Since GAGs typically contain both hexosamine and uronic acid, the combination of the
amine and carboxyl groups with the sulfate groups (in sulfated GAGs) greatly contributes
to the hydrophilicity. This is important, because GAGs absorb water, forming a gel in the
spongiosa layer, which is thought to contribute to shear stress and compressive force
dissipation in native heart valve function [19,21,33-35]. It is also thought to essentially
act as an extension of both the ventricularis and fibrosa. The importance of GAGs in
heart valves can also be seen when examining their role in clinical failure.
Characteristic features of GAGs are also important in other functions.

The

carboxyl and sulfate groups allow GAGs to bind to proteins via amino acid residues [19].
They have other functions in vivo, including: anticoagulant in the vasculature (heparin),
compose and hydrate cartilage (chondroitin/keratin sulfate), synovial fluid (hyaluronan),
and various cell surface or extracellular matrix components.
In the native heart valve, GAGs exhibit a high turnover rate; digestion of old
GAGs occurs every 2-14 days [36]. New GAGs are produced by living cells within the
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heart valve tissue.

This continuous remodeling of the GAG network remains an

important factor in maintaining proper valve health and function.

1.1.3 Elastin
Elastin is a fibrillar protein found in connective tissue.

It is composed of

tropoelastin subunits, and forms microfibers, which in turn form elastic fibers. These
fibers are protected from degradation by a glycoprotein sheath. Elastin provides much of
the elasticity in connective tissue as well as heart valves [8].

1.1.3.1 Structure
The 70 kDa tropoelastin monomer contains high amounts of hydrophobic amino
acids such as glycine, valine, alanine, lysine, and proline [37,38]. Alanine and lysine rich
sections form α-helices, while glycine, valine, and proline rich sections form β-sheets
[39]. The hydrophobic β-sheets are susceptible to elastases while the α-helix crosslinks
provide native resistance to proteases. Lysine residues arrange such that they can form
crosslinks. Lysyl oxidase catalyzes the oxidative deamination reaction which forms these
crosslinks. When adjacent to lysine, tyrosine or phenylalanine will inhibit oxidative
deamination due to steric hindrance. Crosslinking reactions form new amino acids:
desmosine, isodesmosine, and lysinonorleucine. Desmosine and isodesmosine bonds
utilize four amino acid residues, while lysinonorleucine bonds link two residues. Side-toside crosslinks form in the middle of monomers to thicken the fibers, and terminal bonds
lengthen the elastin fibers.
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Elastin comprises approximately 13 percent of the dry weight in healthy adult
aortic cusps [14]. Rich in non-polar amino acids, mature elastin is hydrophobic, and
experiences a low metabolic turnover rate with a biological half-life of nearly 70 years
[15]. Elastin is only produced during developmental periods. After adolescence, new
elastin synthesis rarely occurs. Any subsequent degradation lacks sufficient remodeling
capability, resulting in deterioration of the extracellular matrix and the progression of
valvular disease.

1.1.3.2 Function
As its name implies, elastin fibers are responsible for the elasticity present in most
tissues. This property arises from alternating β-sheets and α-helices in its secondary
structure, as well as crosslinks between its fibers (Figure 1.7) [37,38]. Elastin bears
mechanical load at low strain [14]. It also allows recoil due to high elasticity, which is
able to maintain up to 150% strain without failure. Intrafibrillar connections link elastin
and collagen to guide collagen to its natural orientation when the valve relaxes [6,14].
Elastin fibers also help to dampen loading and unloading cycles in the tissue.
Testing to establish elastin’s role in heart valves elucidated that elastin bears
tension at low strains, allowing collagen fibers to uncrimp, after which collagen bears the
load. This is due to the lower extensibility of collagen fibers. During the unloading
cycle, elastin aids in returning collagen bundles to an undeformed state. The mechanistic
importance of elastin suggests that damage to elastin within heart valve tissue would be
detrimental to their function and stability [40].
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A

B

Figure 1.7. Diagram demonstrating elastin crosslinks in (A) relaxed and (B) stretched
states. In stretched state, coiled chains are brought into alignment, and chains recoil
when relaxed [11].

1.1.3.3 Role in Calcification
Elastin degradation diseases such as atherosclerosis, restenosis, abdominal aortic
aneurysm and structural dysfunction in heart valves, and also plays a role in vascular
calcification. Elastin has a high binding affinity for calcium, which contributes to its role
in mineralization [41,42]. The role of elastin in aortic calcification was confirmed by
selectively removing cells or collagen from aortic wall and testing in a rat subdermal
model. Calcification still developed in each case, demonstrating that a mechanism other
than cell- or collagen-oriented calcification is responsible [43].
Elastin degradation also plays a role in calcification, possibly revealing additional
nucleation sites.

In fact, expression of matrix metalloproteinase (MMP) 2 and 9,

responsible for extracellular matrix remodeling, are positively correlated with elastin
calcification [44-46]. Tenascin-C, a protein expressed in developing bone, is also active
in calcific aortic stenosis.

This protein is active in physiological mineralization
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formation, and its expression increases during late calcification progression [44,47].
Degradation of elastin fibers is found in multiple vascular diseases related to
calcification, which furthers the idea that elastin damage has a direct correlation with
elastin calcification.

Figure 1.8. Possible mechanisms for elastin-oriented aortic valve calcification [48].

1.2 Valvular Disease Pathology and Treatment
1.2.1 Valvular Disease
In 2009, over 90,000 valve replacement surgeries were performed in the United
States alone. This number pales in comparison to the 15 million people suffering from
aortic or mitral valve disease. Over 20,000 cases of valve disease result in death annually
in the United States, and contribute to an additional 42,000 deaths [49]. Valve disease
can be broken into two categories: valvular stenosis and valvular insufficiency. Stenotic
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valves are characterized by narrowing of the valve opening, typically caused by stiffening
of the leaflets. Valvular insufficiency, or regurgitation, is characterized by incomplete
coaptation of the leaflets which can also be caused by stiffening, or structural degradation
of the leaflet tissue [24].
One of the most common causes of stenotic valves is calcific degeneration of the
leaflets [50-54]. Calcific nodules form within the leaflet, creating a thick fibrotic, stiffer
tissue (Figure 1.9).

Calcific degeneration progresses similarly to atheroma in the

vasculature, and typically occurs in adults over 65 years of age. Because of the stiff
leaflets and smaller opening, the heart must pump harder to move the same amount of
blood. This puts increased strain on the heart, and reduces the flow of blood to the body.
An increased pressure gradient across the valve can put greater stress on the stiffened
leaflets and this can cause calcified fragments to break off and embolize.

A

B

Figure 1.9. (A) Healthy human aortic valve [55] and (B) explanted calcified human
aortic valve with arrow pointing to calcific nodule [56].
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Stenosis and regurgitation are two ways to characterize valve disease and failure,
but there are further contributing causes and disorders to valve disease. These include
rheumatic fever, infective endocarditis, myxomatous degeneration, calcific degeneration,
and congenital anomalies.

Each of these disorders contributes to valve disease,

predominantly affecting the highly stressed mitral and aortic valves.

Incidence of

problems with these valves arises from the higher pressures and stress placed on the right
side of the heart.
Valvular diseases can be alternatively classified as congenital (preexisting at
birth) heart defects, or acquired diseases [10,24,57]. Congenital defects are associated
with inherited disorders and they affect approximately 3% of the population. However,
they are usually asymptomatic until discovered in routine examination. The two common
congenital defects are myxomatous mitral valves and bicuspid aortic valves [10,57].
Further disorders affecting the valves are autoimmune and connective tissue disorders.
Myxomatous mitral valves, commonly called floppy valves, present as prolapsed
valves, extending back into the left atrium during contraction. The leaflets contain
thickened spongiosa caused by an accumulation of dermatin sulfate [10,24]. In fact, the
term myxoma is derived from the Greek word for mucus, which contains a mixture of
proteoglycans. The increase of the spongiosa causes a thicker, more rubbery tissue, and
weakens the fibrosa as collagen bundles are pushed farther apart [24]. Mitral valve
prolapse can result in valve insufficiency, but can also be asymptomatic and cause heart
failure [10,24].
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Bicuspid aortic valves appear to have only two leaflets. This can appear as one
normal leaflet and two leaflets fused together, or two symmetric leaflets. Similar to
myxomatous degeneration, bicuspid aortic valves are asymptomatic in early life unless
observed under examination. The presence of a bicuspid aortic valve can lead to aortic
root dilation or cusp prolapse later in life [24,57].
Aside from congenital disorders, several acquired diseases affect the heart valves.
Incidence is affected by environmental factors such as lifestyle choices and infection.
The most common acquired diseases affecting heart valves are infective endocarditis,
rheumatic heart disease, and degenerative diseases such as calcification and aortic root
dilation.
Infective endocarditis is defined as the infection and vegetation of the
endocardium or heart valves [58-61]. The majority of infections are caused by grampositive cocci such as coagulase-positive Staphylococcus aureus or coagulase-negative
Staphylococcus epidermis.

Valve leaflets have no vascular supply; consequently,

infection must come from the blood itself. Valve damage is a predisposing factor for
infective endocarditis due to compromised native barriers to infection [58]. Bacteria or
fungi can become trapped during the repair process within a network of immune cells,
platelets, and fibrin. These organisms cause rapid tissue destruction, leading to large
vegetations or growths, which cause incomplete coaptation or stenosis of the valve [62].
Larger vegetations can embolize into the bloodstream leading to side effects and further
infection progression downstream. Since valve damage promotes bacterial attachment,
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conditions such as congenital heart defects, degenerative disease, rheumatic disease, and
mechanical wear can be predisposing factors for endocarditis [24,58,62].
Rheumatic fever can develop in children following contraction of strep throat,
caused by Streptococci bacteria, and it is believed to be caused by antibody crossreactivity [63-65]. In rare occurrences, antibodies are released which can react with
proteins in the tissue. Rheumatic fever can lead to rheumatic heart disease, collectively
causing damage to all parts of the heart and valvular defects [24]. However, incidences
affecting the joints are more common [66]. Rheumatic fever has largely been eliminated
in first and second world countries, mainly remaining a problem in developing countries
[67].
Degenerative diseases are passive disorders which cause wear, tear, and
calcification of the valve [68]. They are more common in older patients due to tissue
fatigue, and present as floppy valves, aortic dilation, or valve calcification. Preexisting
conditions such as congenital defects or other diseases increase the propensity of the
valve to wear, experiencing quicker degeneration of the tissue [10,24,53,54,68]. Over
25% of patients over 65 suffer from aortic calcific sclerosis [69], and roughly 43% of all
heart valve diseases present as aortic sclerosis, or thickening of the valve [49]. Aortic
stenosis causes include calcification and thickening of the aortic valve, and progresses
similarly to atherosclerosis [10,53,54].

Lifestyle choices remain a significant

contribution to the development of this disorder. Though mostly a degenerative disease,
calcification is also an active process influenced by phenotypic shifts of cells
[10,53,54,70,71]. Increased macrophage activity occurs, and VICs shift to osteoblast-like
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properties, which produce bone mineralization. Degenerative diseases greatly interest the
cardiac community, since they are both prevalent in native heart valve disease, and
remain the number one mode of failure in bioprosthetic valves.

1.2.2 Treatment of Valvular Disease
Early intervention can help reduce the severity of valvular disease before it
necessitates surgery or replacement.

Noninvasive visualization techniques such as

echocardiography or coronary angiography can correctly identify valve disease (Figure
1.10). Echocardiography can show the size of the valve openings. Doppler mode uses
ultrasound to determine regurgitation or stenosis severity. Coronary angiography utilizes
an injectable contrast agent to visualize blood flow and identify a narrowed valve or
backflow of blood. Blood cultures and echocardiography are used to identify infective
endocarditis.

A

B

C

Figure 1.10. Images from non-invasive techniques for determining valvular disease. (A)
Chest X-ray showing calcified left atrial wall, (B) transesophogeal echocardiogram
shows echo contrast in left atrium, (C) computed Tomogram shows calcification in left
atrium [52].
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Upon identification of valvular disease, corrective actions for treatment can be
taken. Lifestyle changes or drug therapy affects progression of acquired diseases through
mediating and reducing the severity of symptoms.

A variety of percutaneous

interventional methods exist. One such example is balloon valvuloplasty, which works
similarly to angioplasty to help reopen stenotic valves. This treatment is most commonly
used in the tricuspid, pulmonary, and mitral valves. Risk for embolism exists in valves
with vegetations or calcific deposits. Surgical repair includes the use of autologous or
xenographic patches, removal of calcific deposits, or reinforcement of the valve. Surgery
can also repair congenital defects of heart valves [72,73].
If repair cannot sufficiently treat a diseased valve, the next treatment option is
usually valve replacement. This therapy typically consists of an open heart surgery,
including a heart lung bypass machine. Recent attempts to create minimally invasive
treatments have resulted in percutaneous valves, which utilize catheterization techniques
to introduce the valve [74-76]. Replacement valve options include mechanical heart
valves or bioprosthetic tissue valves. Some investigation has been made in polymeric
valves, but they were unsuccessful due to inadequate combination of mechanical
properties and non-thrombogenicity [77-79]. Attempts mainly included polyurethanes,
polyesters, and polyethers [77,78]. Polyesters and polyethers degrade under hydrolysis
and

oxidative

deamination;

polyurethanes

were

used

for

their

excellent

hemocompatibility and unique two phase structure. A large push in research is towards
the development of tissue engineered heart valves derived from a patient’s own cells [80].
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Preexisting conditions and age play a role in choosing optimal valve replacement
therapy for each patient. Mechanical heart valves require lifelong systemic anticoagulant
therapy while bioprosthetic valves do not [72,81]. Patients who cannot tolerate this
therapy due to blood disorders, pregnancy, or other contraindications should not receive
mechanical valves [82-86]. Bioprosthetic tissue valves possess a short implant life, so
they are typically implanted in older patients [7,8]. More about these valve types, their
selection factors, and shortcomings is discussed in the following section.

1.3 Replacement Heart Valves
Clinically used prosthetic valves can be broken into two categories: mechanical
heart valves (MHVs), and bioprosthetic heart valves (BHVs). Mechanical heart valves
primarily consist of metal, and have various mechanical designs to improve valve
performance. Bioprosthetic heart valves are tissue based and made of either human
(allograft) or animal-based (xenograft) tissues. Another treatment option typically used
in young children is the Ross Procedure [78,87]. The patient’s aortic valve is replaced by
their pulmonary valve which is in turn replaced by an allograft. This allows the valve in
the aortic position to remodel and grow as the patient grows [88]. Recent pushes in the
field have investigated the use of polymeric heart valves, as well as tissue engineering
approaches for heart valves [7]. Each type of heart valve has various designs, failure
modes, advantages, and disadvantages, and will be discussed later in this section.
A set of design considerations was originally presented by Harken in 1962 [89],
and has been modernized by Schoen and Levy (Table 1.1) [7]. Ideally, a replacement
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valve would perform as close to possible as a native valve. Design considerations
include mechanical factors, and implant-host factors. Further design factors are ease of
surgery and patient comfort. Each valve type tackles some of the design requirements in
different ways. For example, mechanical heart valves possess good durability due to the
use of metal, so altered flow patterns are the design factor that represents the highest
capacity to improve. Similarly, tissue valves possess good native hemocompatibility, so
design changes focus on improving durability and reducing implant calcification.
Table 1.1
Desirable Characteristics of a Heart Valve Substitute
(Adapted from [7])
Nonobstructive
Prompt and complete closure
Nonthrombogenic
Infection resistant
Chemically inert and nonhemolytic
Long term durability
Easily and permanently implanted
Patient-prosthesis interface heals appropriately
Not annoying to patient

1.3.1 Mechanical Heart Valves
Mechanical heart valves are composed entirely of synthetic materials, typically
composed of all metal, or both metal and polymer. All mechanical valves consist of three
major parts: sewing ring to attach to the tissue, housing, and occluder. Flexible fabric
made

of

Dacron

(polyethylene

terephthalate)

or

ePTFE

(expanded

polytetrafluoroethylene) typically composes the sewing ring to allow attachment to the
body via sutures. The housing consists of a base for the sewing ring to attach to, and
guides the motion of the occluder. The occluder is the only moving part of the valve and
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it moves to alternately block and allow blood flow. Mechanical valves exhibit decreased
hemocompatibility due to their materials and geometry and thus they require lifelong
anticoagulant therapy. However these valves also exhibit high durability due to their
materials properties, which contributes to their low material failure rates. Therefore
mechanical valves are typically used for younger patients with long life expectancy.
These patients must also not have preexisting conditions such as blood disorders or
pregnancy risk which contraindicate anticoagulant therapy [82,83,86,90].

1.3.1.1 Types of Mechanical Heart Valves
Dr Charles Hufnagel designed the first mechanical heart valve, initially implanted
in 1952. This valve possessed a rather simple design, consisting of a silicone coated
nylon ball within a methacrylate chamber, implanted in the descending thoracic aorta.
Rather than a complete replacement, the design of the Hufnagel valve allowed treatment
of aortic insufficiency and opened the door for future valve replacement designs [72,91].
Introduction of the caged ball valve closely followed the Hufnagel valve,
containing a ball occluder and metal or polymer cage. The Starr-Edwards caged ball
valve, introduced in 1961, originally used a silicone ball inside a methyl methacrylate
cage [72,92,93].

These valves have gone through multiple iterations, substituting

methacrylate for a metal cage including Stillite-21, and pyrolytic carbon upon its
discovery. Modern models utilize a metal, Teflon coated cage and a heat cured silicone
occluder. Edwards Lifesciences, Inc. (Irvine, CA) stopped production of these valves in
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2007 in favor of increased tissue valve development. By 1998, an estimated 175,000
patients had received a Starr-Edwards caged-ball valve replacement.

A

B

C

D

E

Figure 1.11. Mechanical Heart Valves (A) Hufnagel [72], (B) Starr-Edwards [92], (C)
Bjork-Shiley [94], (D) Medtronic-Hall [72], (E) St Jude Bileaflet [95].

The Bjork-Shiley flat tilting disc valve debuted in 1969, comprised of a pair of
wire retaining struts welded to an orifice, and a disc which would tilt open and closed to
allow blood flow. The housing was composed of stellite [91,96], and the disc was made
of delrin, but delrin was later replaced by pyrolytic carbon [91,97] because the
hygroscopic nature of the polymer led to changes in the disc shape. A later model
replaced the flat disc with a convex-concave disc to improve hemodynamics profiles
[98]. This improved performance led to implantation in over 100,000 patients [99].
Multiple iterations of the tilting disc valve have been produced, with changes including:
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disc shape (flat versus convex-concave), strut shape, hinge location, and material [81].
Other common tilting disc valves include the Omniscience valve and the Hall-Kaster
valve. The Hall-Kaster valve was renamed the Medtronic-Hall following purchase by
Medtronic, Inc. (Fridley, MN) in 1987 [72,100-104]. It contained a pyrolytic disc with a
guidewire hole for ease of implantation. This design possesses the best performance for
aortic valve replacement.

Therefore, over 300,000 tilting disc valves have been

implanted thus far [101,102,105].

Figure 1.12. Evolution of prosthetic heart valves [106].
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Four revolutionary bileaflet disc valves were developed from 1960-1986: the
Gott-Daggett [107], Lillehei-Kalke [108], St Jude Medical bileaflet, and Carbomedics
bileaflet valves [106,109]. These discs all contain a ring and pair of discs which rotate to
allow blood flow. The Gott-Daggett valve contained a polycarbonate ring with a central
strut, and a pair of Teflon coated silicone discs [107].

Prior to implantation,

benzalkonium chloride treatment sterilized the valve, followed by a heparin rinse to
reduce thrombus formation [107]. The goal of this design was profile reduction of the
device itself. The other three valve designs are remarkably similar. They contain no
central strut and have a pair of discs with struts held in recesses in the housing. In this
design the discs are allowed to rotate and provide complete closure.

Figure 1.13. Large scale and small scale models can be combined to give a more
comprehensive view of blood hemodynamics. This is particularly useful for hinge and
leaflet flow regions [106].
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The Lillehei-Kalke was composed of titanium, but discontinued quickly due to
high thrombogenicity [72,108]. Both the St Jude Medical and Carbomedics valves are
composed of pyrolytic carbon, which is a tough thromboresistant metal. The St Jude
Medical bileaflet valve remains the most widely implanted mechanical valve. By 2003 an
estimated 800,000 were implanted in the aortic position alone [110-112]. Innovation of
the Carbomedics valve allows complete rotation of the valve within the sewing ring
housing, enabling optimal surgical placement [72,109]. Further advances in bileaflet
valves have reduced the profile, altered leaflet designs, and altered hinge designs to
reduce thrombus formation and provide optimal hemodynamics conditions.

Hinge

modification ultimately resulted in rolling hinges as in the Edwards MIRA (Edwards
Lifesciences, Irvine, CA) [113-115], and the elimination of cavity pivots, as in the
OpenPivot (Medtronic Inc., Fridley, MN) [116]. While mechanical valves are still not
perfect, they remain the valve of choice for many surgeons.

1.3.1.2 Failure of Mechanical Heart Valves
Failure of mechanical heart valves can be divided into six types: thrombus-related
events, anticoagulant-related events, pannus overgrowth, infective endocarditis, patientprosthesis mismatch, and structural failure [72,101,117,118]. These failure modes are
either design-related, or result from host response to the implant. Many failure modes are
similar to tissue valves, and are discussed in Sec 1.5. Design-related failure modes such
as patient-prosthesis mismatch and structural failure can be mitigated by optimizing
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design or selecting the proper design for a given patient. Even pannus overgrowth can be
mitigated through improvement of sewing rings.
Host response failure modes such as infective endocarditis, thrombus formation,
anticoagulant events, and pannus overgrowth can be mitigated through proper clinical
precautions. Infective endocarditis and thrombus formation affect the valve similarly to
native valves.

However, they can progress to cause rejection of the implant and

inadequate healing at the implant site.

1.3.2 Bioprosthetic Tissue Valves
Tissue based valves are also called bioprosthetic valves (BHVs), and represent
approximately half of all valve replacements used clinically. This number is expected to
rise as improvements are made and as the patient population ages. BHVs are derived
either from human (allograft or autograft) or animal (xenograft) tissue. These valves are
superior to mechanical valves due to their reduced thrombogenicity and improved flow
dynamics, and their lack of long-term anticoagulant therapy. Overall, BHVs present a
hemodynamically superior valve. The thrombus formation rates for BHVs are similar to
patients receiving mechanical valves and anticoagulant therapy [7].
Human tissue valves consist of either allografts or autografts. An allograft is
harvested either from organ donors or cadavers, and cryogenically frozen until use
[117,119-121].

These valves provide near-optimal hemodynamics, but experience

problems with long term durability.

Cryopreservation consists of using dimethyl

sulfoxide and liquid nitrogen, and is suspected to inadequately preserve extracellular
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matrix components [120]. Autografts are most commonly used in children to replace a
diseased aortic valve with their own functioning pulmonary valve, as in the Ross
Procedure. This allows for growth of the valve to accompany that of the patient [117].
Neither allografts nor autografts require anticoagulant therapy, but structural degradation,
insufficient long-term durability, and limited availability present major drawbacks for
these valves [117].
Two biologically based materials have been approved for clinical use as
xenogenic tissue in BHVs: whole porcine aortic valves, and bovine pericardium-based
valves [7,118,122,123]. Tissue antigenicity must be reduced prior to implantation, and
can be accomplished through multiple treatments, but glutaraldehyde is the only one
clinically used. Glutaraldehyde has the benefit of crosslinking collagen and devitalizing
cells in the tissue, but results in a tissue possessing inadequate long term durability
[7,122]. Insufficient space remains for patient cells to populate the implant. The lack of
viable cells results in a loss of remodeling capabilities of the valve, and the ECM
gradually degrades without replacement [20,23,45,124-126]. Two basic parameters can
be changed in BHVs: chemical treatment and valve design (including mounting, stent
types, and suturing methods).
Alternative chemical treatments can reduce negative effects of glutaraldehyde
crosslinking treatment, while additions to glutaraldehyde treatment may improve tissue
stabilization.

New chemical treatments should possess many of the benefits of

glutaraldehyde, including reduced immunogenicity. They should also show improved or
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similar mechanical properties, and mainly aim to improve enzyme resistance or reduce
calcification. These treatments will be further discussed in Sections 1.4, 1.6, and 1.7.

A
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C

D

E

Figure 1.14. Tissue heart valves (A) Carpentier-Edwardss PERIMOUNT Magnas
Pericardial Bioprosthesis (Stented) [8], (B) Edwards Prima Pluss Stentless Bioprosthesis
[8], (C) Edwards Sapien Pericardial Percutaneous Valve [75], (D-E) CoreValve
Percutaneous Valve [75].

BHVs are designed to be either stented or stentless (Figure 1.14). Stents are made
from artificial material, either metal or plastic, and covered in a fabric sewing ring to
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provide a frame for the valve. Stentless BHVs allow for implantation of larger valves,
yielding increased implant performance [7,8,122,127].
Early stented valves used rigid metal stents with three posts (Figure 1.14). These
valves exhibited a high failure rate due to tears at commissures near the posts. The
concept of a flexible stent to reduce the rigidity of the frame was pursued to alleviate
stress in the tissue near the posts. Initial attempts were unsuccessful at mitigating this
failure, and introduced further deformation problems. Modern stents utilize a flexible
polymer-based stent, contributing improved mechanical properties to mitigate this failure
mode. Stents also increase the ease of valve implantation procedures. Expandable metal
stents, similar to those used in the vasculature, are of recent interest for use with
percutaneous intracatheter delivered valves [74-76,78].
While the increased size of stentless valves allows better approximation of a
patient’s normal valve, their design lacks some of the benefits which stented valves
present for implantation. For example, this design contains additional xenogenic aortic
wall material [7,122]. This increases the chance for calcification and pannus overgrowth
in the valve, as well as inadequate implant integration [7]. Additionally, their design
increases the level of difficulty of implantation, and therefore limits the operation to more
experienced and skilled surgeons [122].
Porcine aortic valves and bovine pericardium remain the only two xenogenic
materials used for BHVs. Porcine vena cava has also been investigated as an alternative
to bovine pericardium, with promising initial results [123]. The anatomical structure of
porcine valves is highly similar to human valves, but two main differences exist. Porcine
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valves contain a muscle shelf to support the right coronary cusp, and also possess less
fibrous continuity between the mitral and aortic valve [122,127,128]. This shelf is an
extension of the ventricular septum, and may promote calcification and reduce valve
range of motion [7,122,127,128].

To eliminate this shelf in the valve, some

manufacturers elect to select optimal leaflets, treat them individually, and match them for
appropriate size prior to assembly [7,122,127]. Pericardial valves are formed from sheets
of pericardium, which are cut and constructed to form a trileaflet valve [7,8,122].
The structure of pericardium is different from the structure of valve cusps. The
pericardium contains a smooth inner layer, middle fibrosa layer, and an outer rough layer
[7,123]. The rough layer contains collagen and elastin which must be trimmed from
desired tissue to present a more uniform surface.

This surface is still rough, so it

becomes the inflow surface which allows for washing of the surface to prevent thrombus
formation.

The fibrosa contains collagen, elastin, microvessels, and nerve bundles.

Pericardial based valves allow for optimization of design for improved hemodynamics,
but their vastly different structure imparts inferior biomechanics for durability
[122,127,129].
Bioprosthetic valves suffer from various failure modes. Some failure modes can
be alleviated through improved design and chemical fixation, but other patient specific
failure modes cannot be sufficiently mitigated. Failure modes of BHVs will be further
discussed in Section 1.5
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1.4 Tissue Fixation Methods
Fixation methods are chemical treatments, applied to xenogenic bioprosthetic
valve tissue. Utilization of these treatments accomplishes three things: it sterilizes the
tissue prior to implantation, renders the tissue inert (reduce antigenicity) to reduce
immune rejection, and stabilizes the extracellular matrix since remodeling is not possible.
Stabilization of collagen, elastin, and GAGs in the extracellular matrix is necessary to
provide mechanical integrity for long term application. Chemicals for fixation need to
create irreversible and stable crosslinking bonds between various tissue components.
These bonds can be created by binding to carboxyl groups and various amino acids
within the tissue in order to increase its stability.

A

B

Figure 1.15. Glutaraldehyde (A) monomer structure free polymerizes in ring form and
(B) schematic of reaction with collagen [130].

Early bioprosthetic valves used formaldehyde to provide adequate stability.
However, the bonds were found to be reversible, so long-term durability remained a
concern.

With the advent of glutaraldehyde in 1969, formaldehyde treatment was

replaced permanently. Glutaraldehyde remains the primary clinically used fixative due to

37

its proven advantages. It is cheap and readily soluble, though may have some harmful
effects to the body due to reactivity concerns. Glutaraldehyde’s IUPAC name is 1,5pentanedialdehyde, and its most stable form is a bifunctional five carbon aldehyde. In
aqueous solution, glutaraldehyde can occur as a free aldehyde, monohydrate, dihydrate,
hemiacetal, or any polymerized form (Figure 1.15). BHVs are treated initially with low
concentration glutaraldehyde for 24 hours in order to optimize fixation.
Two different reactions occur between glutaraldehyde and tissue which are
important in tissue fixation: Aldol condensation and Schiff bases. Aldol condensation
can occur between two aldehyde groups, yielding unsaturated (unless each end is bound)
polymerized glutaraldehyde.

Schiff base bonds form with lysine or hydroxylysine

residues in collagen, and can bind two collagen molecules together. Glutaraldehyde also
reacts with carboxyl and amide groups in proteins. It reacts most preferentially with
primary amines and least preferentially with hydroxyls.

Low concentrations of

glutaraldehyde allow adequate penetration into the tissue for maximum fixation potential,
in contrast to high concentrations which quickly create less permeable surface crosslinks.
Glutaraldehyde presents several benefits over formaldehyde crosslinking. First,
formaldehyde is a reversible fixation process, and can only react with one collagen
molecule. Treatment with formaldehyde results in cusp stretching, deformations, and
increased immune response.

Even though it presents benefits over formaldehyde,

glutaraldehyde has its own problems. Glutaraldehyde is known to depolymerize and
release byproducts into the surrounding environment.
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Residual glutaraldehyde

exacerbates calcification in vivo, and crosslinking fails to block calcium nucleation sites.
This causes the tissue to stiffen and undergo further mechanical damage.
Residual glutaraldehyde, unreacted in crosslinked tissue, can also cause
inflammatory or cytotoxic responses, as well as promote calcification [131-134].
Glutaraldehyde cytotoxicity hinders cellular ingrowth, reducing macrophage activity, and
the attachment of native endothelial cells. Cytotoxicity can be reduced by thoroughly
rinsing the implant in saline prior to implantation. Glutaraldehyde’s pro-calcific effects
can be neutralized or reduced by various anticalcification treatments. Amino oleic acid
(AOA) neutralizes glutaraldehyde by using amino groups to sequester free aldehydes,
allowing endothelial growth and mitigating calcification.
Alternative fixation chemistries are constantly being investigated. To name a
few, fixation chemistries include: epoxies, acyl azides [135], polyethylene glycol
[136,137],

quercetin

[138],

carbodiimide

[28,139-144],

periodate

[142,145],

triglycidylamine [135], and dye mediated photo oxidation [134,146]. It is hoped that
properties of these fixation chemistries can help solve the issues experienced by
glutaraldehyde treated tissue. Carbodiimide and epoxy-based chemistry have entered
clinical trials. Carbodiimide treatment is further discussed in section 1.6 in regards to
GAG stabilization. Use of epoxies as a fixative yields increased pliability and a more
pleasing appearance of valves. Triglycidylamine is one such polyepoxide, which is being
investigated for use in porcine aortic cusps, bovine pericardium, and collagen fixation.
Characterization showed similar shrinkage temperatures to glutaraldehyde, increased
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collagenase resistance in vitro, improved mechanical properties, and decreased
calcification levels were seen in subdermal implants [135].
Additions to glutaraldehyde are also being investigated and used clinically. One
such calcification reduction method is used in Linx™ technology (St Jude Medical, St
Paul, MN).

Ethanol preincubation reduces calcification potential in valve leaflets

through the removal of phospholipids and cell debris as well as causing conformational
changes in collagen [133,147]. Ethanol has shown marked reduction in collagen related
and cell initiated calcification, but fails to reduce elastin-mediated calcification.
Additional investigations into mitigating elastin-mediated calcification could prove
beneficial.
Multiple fixation additions to glutaraldehyde or altered fixation methods have
been investigated to preserve glycosaminoglycans. Carbodiimide crosslinking, neomycin
incorporation, and periodate oxidation are such methods which have previously shown
promise, and are discussed in more depth in section 1.6.
In short, glutaraldehyde is clinically used to chemically crosslink tissue heart
valves, but it presents its own shortcomings. These can be overcome by developing new
crosslinking technology to increase stability of tissue against structural degradation and
calcification. Many promising techniques exist, but proving their efficacy is a lengthy
process, and after several years of investigation, failure in clinical trials remains a
possibility.
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1.5 Bioprosthetic Valve Failure
Currently, marketed BHVs employ glutaraldehyde treated tissue. The resulting
tissue is adequate for application, but rather suboptimal in long term performance.
Roughly half of these valves fail within 12-15 years [7,117]. BHVs fail along four
different paths: endocarditis, thromboembolism, non-structural dysfunction, and
structural degradation [7,54,59,60,62,117,122,124,148-152].

1.5.1 Endocarditis
Infective endocarditis incidence is dependent on sterility and the skill of the
surgeon [58-62,151,153,154]. The progression of endocarditis is similar in BHVs and
native heart valves, but is more common to present early on in the implant life.
Organisms commonly infecting valves include Staphylococcus aureus, Staphylococcus
epidermidis, Streptococcus pneumoniae, and Aspergillus. Early diagnosis can utilize
antibiotic treatments, but disease progression can result in valve failure.

The most

common mode of failure associated with endocarditic prostheses is dehiscence, or the
detachment of the implant from the suture line. Frequency of failure can be limited by
maintaining surgical sterility.

Future attempts to limit could include antibacterial

coatings of sewing rings, similar to those being investigated for vascular grafts.

1.5.2 Thromboembolism in BHVs
While BHVs have a reduced risk for thrombosis in comparison to mechanical
valves, the risk remains, particularly early on following implantation. Although tissue-
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derived leaflets already possess thromboresistant material, they must go through an
adaptation period following implantation.

Thromboembolism risk is still high for

approximately three months post-operation due to incomplete integration of the implant
with native tissue.

Consequently, anticoagulants are administered during this time

period. Due to artificial materials and altered hemodynamics, stented valves have a
slightly higher risk of thromboembolism than stentless valves.

1.5.3 Non-structural dysfunction in BHVs
Non-structural dysfunction encompasses host responses to BHVs, including
pannus overgrowth, hemolysis, and paravalvular leakage. These complications, pannus
overgrowth in particular, occur at similar rates across implant types. Pannus overgrowth
of tissue extends over the sewing ring during integration, and can spread to affect the
motion of valve cusps, eventually inhibiting their ability to open and close [155].
Hemolysis is caused by shear forces on blood cells, and typically occurs on the
surface of valves.

Hemodynamics performance affects hemolysis rates, and can be

altered by design type. The Reynolds number is a measure of the ratio of inertial to
viscous forces, and can be used as a parameter for predicting hemolysis. Since tissue
valves have more natural leaflet action than mechanical valves, better flow profiles occur
and result in decreased blood shear and hemolysis.
Paravalvular leakage is typically preceded by valvular endocarditis, and consists
of leakage at the interface of the valve to the patient’s tissue. It allows blood to flow
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around the implant and to circumvent the valve when closed. This results in undesired
backflow and inferior hemodynamic performance.

A

B

C

D

Figure 1.16. Bioprosthetic heart valve failure. (A) Removed porcine BHV from mitral
position for 8 years. Tears and calcific nodules can be seen [117]. (B) Porcine BHV from
mitral position, implanted for 7 years. Prosthesis shows thickening of cusps and white
vegetations from infection [117]. (C) Aortic surface of explanted BHV showing two torn
cusps with prolapse [156]. (D) Left ventricular outflow surface shows a torn cusp and
extensive pannus formation covering portions of the cusps [156].
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1.5.4 Structural degradation in BHVs
Structural degradation remains the primary mode of failure for BHVs, and
includes calcific and noncalcific degradation [7,117,157].

Noncalcific structural

degradation involves mechanical and material based degradation which does not involve
mineralization of the cusps, while calcific degradation involves deposition of mineralized
calcium phosphate crystals in tissue to create calcific nodules.

Cusp calcification

typically results in leaflet hardening and stenosis. Reduction in rates of these failure
modes may be accomplished through improved chemical fixation modalities.
Roughly 75% of all porcine aortic valves experience structural degradation such
as cusp tears [7]. This usually presents as valvular insufficiency. In vivo factors such as
mechanical forces and enzymatic digestion initiate degradation of the extracellular
matrix. Since fixed tissue loses its ability to remodel and innate enzyme resistance, the
proteins are slowly degraded, which exacerbates mechanical fatigue.

Chemical

treatments of BHV material cause microscopic changes to the tissue, which can increase
stiffness or cause localized stresses. Mechanical failure usually results in cusp tears or
buckling of the tissue.
Treatment with glutaraldehyde is known to cause two changes contributing to
degradation: crosslinking of collagen and loss of cell viability [7].

Tissue begins

deteriorating immediately following harvesting and cell death causes the release of ECM
degrading proteases [20,23,45,125]. The loss of extracellular matrix components, in
particular collagen damage and loss of GAGs, has been observed following fixation and
in explanted valves [20,23,125,141,142,144,158,159]. Insufficient stabilization against
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enzymes can have drastic effects on the integrity of the ECM and durability of tissue
valves in vivo [45,160]. Glutaraldehyde crosslinking of collagen accomplishes a fair
degree of extracellular matrix stabilization, but at the cost of flexibility [7]. Crosslinks
and stabilization result in a locked configuration characterized by increased cusp rigidity
with increased localized stresses [131,161,162]. Inability of glutaraldehyde to adequately
preserve GAGs promotes tissue stresses and susceptibility to mechanical damage
[7,20,124,143,163].
Calcification pathways are not fully understood, but are affected by various
factors including tissue damage, host response, and material [7,157]. Calcification begins
with initiation or nucleation of crystals within the tissue itself. These crystals propagate,
resulting in a deteriorated structure and increased stiffness. Thus, calcification has a
direct effect on structural integrity and long term durability of BHVs. Due to higher
metabolic rates, calcification progresses quicker in younger patients, resulting in faster
failure of BHVs than in older patients.
In living tissue, cells contain ion pumps to regulate calcium levels, but following
cell death this ability is lost [7,51,125,157,164,165]. Consequently, any calcium influx
cannot be removed, allowing high concentrations of calcium to build up within cells.
Calcium reacts with intracellular phosphorous from organelles, nucleic acids, and
membrane components which results in nucleation and initiation of mineralization within
residual cells [157]. Additional nucleation sites may also be present in the extracellular
matrix. Elastin mediated calcification occurs without chemical crosslinking of the tissue,
but collagen crosslinking with glutaraldehyde creates nucleation sites [166]. Theories
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suggest that elastin is normally protected by glycoproteins and microfibrils, which are
lost during tissue preparation or matrix metalloproteinase (MMP) activity, allowing
calcification to begin.

GAGs are theorized to inherently inhibit calcium through

chelation or steric hindrance [125]. In vivo rat subdermal implantation models have
shown that GAG loss promotes calcification, while GAG stabilization inhibits
calcification [145,158,162,167].

Figure 1.17. Model for structural dysfunction in bioprosthetic heart valves.

Two

pathways are shown, one induced by stress, resulting in structural degeneration and valve
failure. The other is affected by implant and host factors, results in cuspal calcification
and valve failure. Implant and host factors induce collagen-oriented deposits, seen in the
ultrastructure, and predominate at flexion points and commissures. The pathways are not
independent, however, since structural degeneration predisposes cusps to calcification
[7].
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Even after forty years of clinical use and development, structural degradation
remains a problem in BHVs. Extracellular matrix loss exacerbates degradation and
calcification of tissue. Additions or alterations to current chemical treatments may prove
beneficial to reducing structural degradation, improving durability, and increasing the life
of bioprosthetic heart valves.

1.6 GAG Loss and Prevention in Bioprosthetic Heart Valves
Glycosaminoglycans (GAGs) are a critical component of the undiseased native
valve. Their primary role is to reduce shear stresses and maintain flexibility of the valve
leaflet. Glutaraldehyde is the standard chemical treatment for bioprosthetic valve tissue,
which stabilizes collagen but fails to stabilize GAGs, because GAGs lack amine residues
necessary for glutaraldehyde crosslinking.

Degradation of extracellular matrix

components is initiated following tissue harvesting [125]. Consequently, GAGs are lost
during preparation for fixation. Since they are not stabilized following glutaraldehyde
fixation, they are also lost during storage, cyclic fatigue, and implantation
[20,23,28,124,141,142,144,159].

Studies have shown that higher levels of GAGs

generally result in lower calcification levels and that GAG loss has indirectly been linked
to calcification in subdermal implants. Therefore, it is theorized that the loss of GAGs
contributes to both calcification and structural degradation of BHVs.
GAG loss is also thought to cause significant changes to tissue biomechanics.
Loss of GAGs within the spongiosa results in increased shear stresses and leaflet rigidity.
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Increased stiffness results in higher compressive forces during leaflet flexure, and GAG
loss has been shown to result in increased degrees of tissue buckling [143,158].
In efforts to increase valve durability, GAG stabilization fixation strategies have
been attempted.

The goal is to minimize preparation time, and either supplement

glutaraldehyde crosslinking or completely replace it with a more efficient crosslinking
modality. To test this, GAG stability is evaluated following fatigue, implantation, and
storage. Sodium metaperiodate and carbodiimide crosslinking have been investigated as
replacements for glutaraldehyde crosslinking, while neomycin has been investigated to
supplement both glutaraldehyde and carbodiimide crosslinking in efforts to stabilize
GAGs [20,28,123,139-145,158,159].
Sodium metaperiodate crosslinking focused on using the periodate ion to activate
diols within hyaluronic acid to aldehyde groups, allowing reactions with lysyl amine
groups and other molecules within tissue [20,142,145]. It also creates collagen crosslinks
within the extracellular matrix. Comparisons of periodate to glutaraldehyde treatment
showed both an increase in GAGs within the tissue, and reduced calcification in a 21 day
subdermal model.

Studies also showed higher GAG stability against enzymatic

degradation and long-term calcification reduction. However, further increases to GAG
stability could prove more beneficial.
Carbodiimide

crosslinking

uses

EDC

(1-ethyl-3-3-dimethylaminopropyl

carbodiimide) and NHS (N-hydroxysuccinimide) to create crosslinks [28,141-144]. EDC
activates the GAG carboxyl groups, and NHS forms a stable intermediate. This complex
acts as a transfer agent, and forms amide bonds with free collagen amine groups.
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Stability of GAGs in the tissue has been repeatedly shown to be more effective when
carbodiimide treatment supplements glutaraldehyde than glutaraldehyde crosslinking
alone. When used alone, carbodiimide still fails to adequately stabilize GAGs against
enzymatic degradation.

A
B

Figure 1.18. (A) Neomycin trisulfate (www.drugs.com), (B) reaction of carbodiimide
and collagen, activated by NHS [168].

Neomycin is a hyaluronidase inhibitor which contains multiple amine
functionalities

which

can

supplement

multiple

crosslinking

modalities

[28,141,143,144,158,159]. Enzymatic GAG degradation is inhibited both by blocking
active cleavage sites and direct binding to hyaluronidase. Its unique combination of
hydrophilic and lipophilic residues allows steric hindrance of the active site of
hyaluronidase, causing conformational changes to inactivate the enzyme. Neomycin
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alone does not adequately preserve GAGs, but its crosslinking must be initiated using
crosslinking modalities such as glutaraldehyde and carbodiimide.
When used in conjunction with either glutaraldehyde crosslinking or carbodiimide
crosslinking, neomycin has shown promising ability to protect GAGs against cyclic
fatigue and storage for up to 6 months [28,141,143,144,158,159]. The combination of
carbodiimide and glutaraldehyde crosslinking was also used. Successful preservation of
GAGs resulted in reduced tissue buckling, and slightly increased collagen and elastin
stability.

Neomycin incorporation may contribute to better ECM stability, thus

increasing BHV durability and helping stave off structural damage and failure.

1.7 Elastin Preservation
Elastin is generally perceived as degradation resistant, owing to its insolubility,
intrafibrillar crosslinks, and low biological turnover rate. However, a variety of enzymes
are capable of degrading elastin. Hydrophobic domains are susceptible to pancreatic
elastase, neutrophil elastase, and matrix metalloproteinases (MMP-2, MMP-9, and MMP12) [39,44-46,169-173]. Matrix metalloproteinases have been shown to be active in
diseased heart valves, as well as explanted heart valves and aortic aneurysms [44,169].
Elastin degradation in the vasculature results in the release of elastin peptides which
increase expression of elastin laminin receptor, and synthesis of MMPs. These peptide
fragments have further effect on other cell types, including activating immunological
cells, and activating smooth muscle cells to a proliferative phenotype [174-179]. It is
unclear whether the release of elastin peptides from xenogenic heart valves would result
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in similar upregulation in areas further down the bloodstream, but elastin degradation
does remain an issue in structural degradation and durability of BHVs.

A

B
Figure 1.19. Mechanism of tannic acid and PGG crosslinking. (A) Structural domains
of elastin, demonstrating repeat units of α-helix hydrophilic domains and β-strand
hydrophobic domains. Elastin is naturally crosslinked by desmosine crosslinks, indicated
by –X – [126]. (B) Hypothetical interactions between tannic acid and elastin, comprised
of (1) hydrophilic crosslinks, (2) hydrophobic domains, (3) natural desmosine crosslinks,
(4) tannic acid core incorporated into hydrophobic areas, and (5) hydrogen bonds
between elastin and tannin hydroxyl residues [180]
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Figure 1.20. Chemical structure of tannic acid and pentagalloyl glucose. Tannic acid is
a deca-galloyl glucose containing a central glucose molecule and two gallic acid
molecules bound by ester bonds to each glucose hydroxyl residue. Pentagalloyl glucose
is highlighted by the shaded circle, and one gallic acid molecule at each glucose hydroxyl
residue, thus reducing the number of hydrolysable ester bonds [181].

Tannins such as tannic acid and pentagalloyl glucose (PGG) were previously
shown to stabilize both pure elastin and the aortic wall against elasteolytic degradation
[126,180-183]. These tannins are derived from plant polyphenols. They possess a
central glucose molecule, and a chain of gallic acid residues containing high levels of
phenolic hydroxyl groups. PGG contains one gallic acid group per chain, while other
tannins possess longer chains. These molecules are able to specifically bind to proline
rich hydrophobic regions in elastin and collagen, forming multiple hydrogen bonds with
surrounding proteins. Studies have shown these bonds are partially reversible in PGG
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and glutaraldehyde treated tissue, but are still more effective than glutaraldehyde
crosslinking alone at resisting elastase digestion following leaching testing.

Elastin

stabilization utilizing PGG and a reduction of calcification in comparison to
glutaraldehyde have both been demonstrated in vivo and thought to be directly caused by
the preservation of elastin [181].
Previous studies demonstrated that concentrations of PGG used in conjunction
with glutaraldehyde treated aortic wall are not cytotoxic to rat skin fibroblasts [181,183].
They also showed the hydroxyl groups are essential to the elastin stabilizing ability of
PGG. However, PGG incorporation in elastin rich aortic wall resulted in stiffer and less
distensible tissue than either fresh or glutaraldehyde treated tissue.
No previous studies have investigated elastin stabilization in porcine aortic cusps.
Additionally, no previous studies utilized porcine aortic cusps and PGG incorporation
into glutaraldehyde crosslinking.

Valve mechanics, durability, and resistance to

calcification may be improved by stabilizing elastin against degradation, but elastin
stabilizing needs further study. Previous studies point to the fact that PGG may be a
solution to improving the durability of bioprosthetic heart valve cusps.
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CHAPTER TWO
PROJECT RATIONALE
2.1 Overview
Since the advent of glutaraldehyde crosslinked bioprosthetic heart valves in the
1970s, only small changes have been made to crosslinking modalities to improve their
performance.

Durability remains the primary issue with bioprosthetic heart valves

(BHV), the majority of which fail within 12-15 years post-implantation. This expected
implant life limits the use of bioprosthetic valves to elderly patients or patients who
cannot tolerate anticoagulant therapy required in mechanical valves. BHVs are normally
contraindicated in younger patients due to expected implant life in order to limit
reoperation procedures. Valve dysfunction may lead to death or reoperation in elderly
patients. Failure rates and life expectancy of both groups of patients with BHVs may be
improved with increased durability.
In order to improve the durability of BHVs, rates of failure need to be reduced for
the two primary failure modes: structural degradation and calcification. Glutaraldehyde
crosslinking is suspected to play a role in both failures modes. Various replacements or
modifications to glutaraldehyde crosslinking recently investigated still fail to provide
optimal results. Many approaches aim to reduce calcification, but these may fail to
sufficiently stabilize the extracellular matrix to provide optimal mechanics or resistance
to enzymes in vivo. The development of further strategies to stabilize the extracellular
matrix to reduce degradation due to fatigue or enzymes, and complement calcification
reduction treatments may provide an optimal valve tissue.
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Structural degradation is highly dependent on mechanics. Crosslinked tissues
lack living cells necessary for repairing normal tissue damage associated with fatigue and
turnover. Glutaraldehyde crosslinking does not crosslink GAGs, which play a key role in
stress distribution, flexibility, and buckling resistance, and leach out of the tissue over
time during implantation, storage, and fatigue. Loss of GAGs over time may directly
affect collagen integrity. Glutaraldehyde is known to crosslink collagen well, but has
little effect on elastin. Though it is too large to leach as GAGs do, elastin may still be
susceptible to elastin degrading enzymes, yielding fragments affecting biomechanics and
calcification. Elastin’s suspected role in valve tissue biomechanics has been documented,
and may also affect collagen integrity, leading to tears and failure.
Neomycin has previously been shown to preserve GAGs in porcine aortic valves
when combined with glutaraldehyde and with carbodiimide crosslinking, as well as in
porcine vena cava and bovine pericardium when combined with glutaraldehyde
crosslinking.

Neomycin is a hyaluronidase inhibitor which may prevent GAG

degradation. It is incorporated into the tissue via its multiple amine groups, which
crosslink with the tissue during glutaraldehyde or carbodiimide fixation. Pentagalloyl
glucose has previously been shown to stabilize elastin in porcine aortic wall, pure elastin,
and abdominal aortic aneurysm in rats. Polyphenolic hydroxyl groups in PGG play a key
role in crosslinking, but synergistic methods between PGG and glutaraldehyde are not
fully understood; binding may occur at different sites, or PGG and glutaraldehyde may
react to form better chemical crosslinkers such as acetals.
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The combination of neomycin and carbodiimide crosslinking has previously been
shown to preserve GAGs in short term storage in formalin and in vivo studies. Long term
application and optimization of fixation methods will be used to demonstrate its viability
for use in a functional model.
We hypothesize that through combining neomycin’s GAG-preserving properties
and PGG’s elastin preserving properties, a valve tissue can be created which incorporates
these properties with glutaraldehyde crosslinking. Further use of ethanol will prevent
tissue calcification.

2.2 Research Aims
Aim 1: Evaluate the effect of each fixation step on GAG stabilization when using
neomycin and carbodiimide crosslinking with isopropanol storage and ethanol
treatment.
Additional insight into reaction chemistry can be gained by evaluating which
fixation step are critical to preserving GAGs and improving GAG stability against
enzymatic degradation. This will be evaluated by removing several samples at each
solution change, exposing to GAG-degrading enzymes, and measuring tissue GAG
levels. Investigation into which fixation step is most essential could be beneficial for
future studies incorporating other chemicals, and indicate to future researchers which
steps need additional optimization.
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Aim 2: Assess the long term in vivo and storage properties of porcine aortic cusps
crosslinked with neomycin and carbodiimide modalities.
Previous studies using neomycin and carbodiimide crosslinking have investigated
short term (21 day) subdermal studies in juvenile rats.

These studies induce rapid

calcification and degradation equivalent to multiple years of in vivo use clinically. In
order to evaluate the performance of the crosslinked valves in increasing implant life,
longer term studies need to be performed. Therefore, 10 week and 15 week implant
studies will be performed in order to evaluate the ability of neomycin and carbodiimide
crosslinking to reduce calcification and GAG loss in vivo.
Further, porcine aortic valves typically have shelf lives of two years following
manufacture. It is therefore necessary to evaluate the stability of valves following storage
in solution. Isopropanol in HEPES buffered saline is used for storage, as toxicity is lower
than formaldehyde or glutaraldehyde, and is should demonstrate similar effect. Valves
will be stored for ten months, after which GAG loss, elastin stabilization, and collagen
stabilization will be evaluated.

Aim 3: Develop the optimal concentration of pentagalloyl glucose used in
crosslinking for preserving elastin.
Pentagalloyl glucose (PGG) is a polyphenol which has previously been used to
stabilize elastin in aneurysm treatment, and in porcine aortic wall. Since porcine aortic
cusps have not been tested for crosslinking using PGG, the optimal concentration of PGG
for crosslinking elastin, collagen, and preserving GAGs will be evaluated. Fixation will
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be performed both with and without neomycin trisulfate in order to evaluate the efficacy
of combining these treatments.

Aim 4: Evaluate the effect of neomycin and PGG crosslinking on cusp material
properties, and their performance in an in vivo subdermal calcification model.
Additional crosslinking can change material properties and alter in vivo
chemistries. PGG creates additional crosslinks to preserve elastin, which is essential to
valve mechanics and can play a role in valve calcification. To investigate material
properties, tensile testing will be used to evaluate elastic moduli, strength, and
extensibility.

Differential scanning calorimetry will be used to measure thermal

denaturation temperature, and used in conjunction with the change in elastic moduli to
demonstrate the formation of additional crosslinks.
A short term in vivo rat subdermal model will demonstrate the efficacy of
combining neomycin, PGG, glutaraldehyde, and ethanol treatments in reducing
calcification and GAG loss while increasing resistance to elastin and collagen degrading
enzymes.
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CHAPTER THREE
GAG STABILIZATION USING NEOMYCIN AND CARBODIIMIDE
MEDIATED CROSSLINKING
3.1 Introduction
Tissue preservation methods have been used to treat xenogenic tissue for
bioprosthetic heart valve application for decades. Glutaraldehyde remains the industry
standard for preserving tissue, due to its ability to reduce immunogenicity by devitalizing
cells and crosslink collagen. Collagen crosslinking improves durability and prevents
enzymatic degradation. Though it has its benefits, glutaraldehyde is toxic if it leaches
from the implant, and is also implicated in calcification roles. The increased stiffness of
glutaraldehyde crosslinked tissue also may result in less distensible tissue which fails
early due to structural degradation.
Glutaraldehyde also fails to stabilize glycosaminoglycans (GAGs), which are
thought to play a role in shock dissipation, and shear stress reduction between valve
layers. These molecules leach and are degraded by enzymes in vivo, and cannot be
replenished since living cells do not populate BHVs.

Neomycin has been used to

stabilize GAGs and prevent enzymatic degradation, when utilizing both glutaraldehyde
crosslinking and carbodiimide crosslinking. Carbodiimide crosslinking presents a new
crosslinking modality which may result in improved material properties. The use of
neomycin and carbodiimide crosslinking without glutaraldehyde treatment was
previously shown to stabilize GAGs in the extracellular matrix. The previous study only
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examined short term applications, however. This study will focus on the ability of
neomycin and carbodiimide crosslinking to preserve GAGs in long term applications.
In order to increase understanding of the fixation process, GAG stability was
analyzed at different steps in the fixation process. Long term subdermal models of 10
and 15 weeks in juvenile rats were used to evaluate GAG stability and content, as well as
any calcification reduction potential of the new treatment. Valve leaflets were also stored
for 10 months in storage solution. Following storage, they were examined for GAG
content and resistance to enzymatic degradation of GAGs, elastin, and collagen.

3.2 Methods
3.2.1 Materials
Sodium chloride, hydrochloric acid, acetyl acetone, calcium chloride, sodium
azide, isopropyl alcohol, glycine and dibasic sodium phosphate were purchased from
Fisher Scientific (Fair Lawn, NJ). Collagenase (VII) from Clostridium histolyticum,
chondroitinase ABC from Proteus vulgaris, hyaluronidase from bovine testes,
ammonium acetate, neomycin

trisulfate, 1,9-dimethylmethylene blue, D(+) –

Glucosamine, and chondroitin sulfate C salt were purchased from Sigma-Aldrich
Corporation (St Louis, MO). Porcine pancreatic elastase was purchased from Elastin
Products Co (Owensville, MO). 8% EM grade glutaraldehyde was purchased from
Polysciences, Inc. (Warrington, PA).

Sodium chloride, sodium carbonate, N-

hydroxysuccinimide, and ethylene diamine tetraacetic salt were purchased from Acros
Organics (Morris Plains, NJ).

Ultrex II hydrochloric acid and 2-(N-morpholino)
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ethanesulfonic salt were purchased from J.T. Baker (Phillipsburg, NJ).

P-dimethyl

aminobenzaldehyde was purchased from Ricca Chemical Co. (Arlington, TX). ACS
grade Ethanol was supplied from Pharmaco-Aaper (Shelbyville, KY).

4-(2-

hydroxyethyl)-1-piperazinesulfonic acid (HEPES) was purchased from EMD Chemicals
(Billerica, MA). Lanthanum oxide (III) was purchased from Alfa Aesar (Ward Hill,
MA). 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide was purchased from Creosalus
Pharmaceutical (Louisville, KY). Porcine aortic valves were supplied from Snow Creek
Meat Processing (Seneca, SC).

3.2.2 Tissue Preparation and Fixation
Fresh porcine aortic valves were harvested on site at a local slaughterhouse, Snow
Creek Meat Processing (Seneca, SC). Valves were excised immediately upon animal
death, and were removed by incisions just below the aortic cusps, and above the aortic
sinuses. The valves were transported on ice back to the laboratory, and were thoroughly
rinsed in 0.9% saline. Excess muscle tissue, fat, and aortic wall was removed from the
valve, leaving approximately 2 cm of aortic wall connected to the leaflet. Following
rinsing and trimming, whole valves were fixed; or the three cusps were separated by
cutting along the aortic wall, and fixed immediately. All fixation steps used 33 ml
solution per cusp, and carried out at room temperature within four hours of harvesting.
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GLUT: Tissue was placed in 0.6% glutaraldehyde in 50 mM HEPES buffered saline
(pH 7.4) for 24 hours, solution decanted, and replaced with 0.2% glutaraldehyde in 50
mM HEPES buffered saline (pH 7.4) for at least six days.

NCIE: Tissue was placed in 0.5 mM neomycin trisulfate in 50 mM MES buffered saline
(pH 5.5) for one hour under constant orbital shaking. Solution was decanted and replaced
with 30 mM 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and 6 mM Nhydroxysuccinimide (NHS) in 50 mM MES buffered saline (pH 5.5) for twenty-four
hours. Following fixation, valves were placed in 20% isopropanol in 50 mM HEPES
buffer (pH 7.4) for at least six days.

3.2.3 Enzymatic Stability of GAGs
Aortic valve leaflets were carefully excised from the aortic wall, and washed
thoroughly in 100 mM ammonium acetate buffer (AAB) at pH 7.0 3x for 5 minutes.
Leaflets were cut symmetrically, one half incubated in 1.2 mL GAG degrading enzyme
solution (5 U/mL hyaluronidase, 0.1 U/mL chondroitinase in 100 mM AAB, pH 7.0)
while the other half incubated in AAB. Samples were shaken vigorously for 24 hours at
37 degrees C. Following 24 hours incubation, the leaflets were washed in distilled water
3x for 5 min, frozen, and lyophilized.

Enzyme solutions were saved for DMMB

analyses.
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3.2.4 GAG Quantification: Hexosamine Assay
Total hexosamine content can be measured using the hexosamine assay as
previously reported.

Elson and Morgan’s modified hexosamine assay was used to

measure GAG-related hexosamines. Lyophilized GAG digested samples were weighed,
digested in 2 mL 6 N HCl (24 hours, 96 degrees C), and dried under nitrogen gas.
Samples were resuspended in 2 mL 1M sodium chloride and reacted with 2 ml of 3%
acetyl acetone in 1.25 M sodium carbonate. 4 mL ethanol and 2 ml of Ehrlich’s reagent
(0.18M p-dimethylaminobenzaldehyde in 50% ethanol containing 3N HCl) were added,
and solutions left for 45 min to allow the color to develop. A pinkish-red color is
indicative of tissue hexosamine quantities, and the absorbance was read at 540 nm. A set
of D(+)-glucosamine standards were used.

3.2.5 GAG Quantification: DMMB Assay
Tissue lysates from GAG digestion were analyzed using the DMMB assay for
sulfated GAGs which are released into the enzyme or buffer solution as in section 3.2.3.
The following solutions were pipetted into each well of a 96-well plate: 20μL tissue
digest, 30μL PBE buffer (100 mM Na2HPO4, 5 mM EDTA, pH7.5), and 200μL DMMB
reagent (40 mM NaCl, 40 mM Glycine, 46μM DMMB, pH 3.0). These were compared
to chondroitin sulfate (0-1.25μg) standards, and absorbance measured at 525 nm.
Absorbance was read immediately to prevent degradation of the GAG-DMMB dye
complex, using the μQuant spectrophotometer (BIO-TEK instruments, Winooski, VT).
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3.2.6 Collagen and Elastin Stabilization of Porcine Aortic Cusps
Aortic valve leaflets were cut in half symmetrically, rinsed in nanofiltered water,
blotted dry, frozen, lyophilized, and weighed. Half cusps were incubated in 1.2 ml of 5
U/ml elastase in 100 mM Tris, 1mM CaCl2, 0.02% NaN3 (pH 7.8) for 24 hours, or 75
U/mL collagenase (Type VII) in 50 mM Tris, 10 mM CaCl2, 0.02% NaN3 (pH 8.0) for 48
hours at 37 C while shaking at 650 RPM. Enzyme liquid was saved for further studies,
digested cusps rinsed in nanofiltered water, blotted dry, frozen, lyophilized, and weighed.
Percent weight loss was calculated. Cusps were saved for histology or hexosamine
analyses.

3.2.7 GAG Stability during Fixation Process
To evaluate which fixation step is most critical to GAG preservation, NCIE
fixation was performed.

Six cusps were removed following each fixation step (N:

neomycin, NC: carbodiimide, NCI: isopropanol, and NCIE: ethanol incubation), and
compared to glutaraldehyde control. Cusps were exposed to GAG degrading enzymes as
in Sec 3.2.3 and assayed for GAG content using hexosamine (3.2.4) and DMMB (3.2.5)
assays. Additionally, carbodiimide crosslinking followed by isopropanol was used as a
control for NCIE fixation to evaluate the effect of neomycin on preserving GAGs.

3.2.8 Subdermal Implantation
Following fixation, all tissues were rinsed thoroughly three times in 30 minute
washes of sterile saline, and remained in sterile saline until implantation. Male juvenile

64

Sprague-Dawley rats were anesthetized by inhalation of 3% isoflurane gas. A dorsal
surgical incision was made, and two subdermal pockets created on either side of the
sagittal plane. Cusps were blotted dry and positioned to lie as flat as possible in the
pocket. One cusp was placed per pocket. Incisions were closed with surgical staples and
tissues retrieved after 10 or 15 weeks. The rats were euthanized with carbon
dioxide/oxygen mix. Half cusps were saved for hexosamine (Sec 3.2.4), and mineral
content (Sec 3.2.10). The middle section was placed in 10% Neutral Buffered Formalin
(NBF) and saved for histological analysis.

The remaining sections were placed

immediately on dry ice, and frozen at -80 °C as soon as possible.

3.2.9 Storage Studies
To assess the effect of storage in 20% isopropanol solution, whole cusps were
stored for up to ten months. Glut and NCIE valves were fixed, treated with 80% ethanol
in 50 mM HEPES (pH 7.4), then returned to a solution of 20% isopropanol in 50 mM
HEPES (pH 7.4) or 0.2% glutaraldehyde in 50 mM HEPES (pH 7.4) for NCIE and Glut,
respectively. Enzymatic degradation of GAGs was quantified using hexosamine (3.2.4)
and DMMB (3.2.5) assays following treatment with GAG degrading enzymes (3.2.3).
Extracellular matrix stability was tested by treating with collagenase and elastase (3.2.6),
and uniaxial mechanical properties were also tested (3.2.11).
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3.2.10 Mineral Content: Calcium and Phosphorous Analysis
Half cusps from subdermal implantation studies were frozen, lyophilized,
weighed, and acid hydrolyzed in 2 mL 6N Ultrex II HCl for 20 hours at 96ºC. Samples
were dried under nitrogen gas, resuspended in 1 mL 6N Ultrex II HCl, and centrifuged at
high speeds to separate any remaining particles.

Samples were diluted in atomic

absorption matrix (0.5% Lanthanum oxide in 0.3N Ultrex II HCl) and assayed for
calcium using the 3030 Atomic Absorption Spectrophotometer (Perkin-Elmer, Norwalk,
CT). Samples were diluted to the calibration curve range, and normalized to dry tissue
weight.
For phosphorous content and to verify calcium content, samples were further
analyzed by Clemson University faculty in the Clemson University Agricultural Service
Laboratory.

Samples were diluted 1:50 in nanofiltered water, elemental analysis

performed using the Spectro Acros ICP Spectrometer (SPECTRO Analytical Instruments,
Kleve, Germany) to measure calcium and phosphorous content in ppm. Dilution ratios
were used to calculate element content of the sample, and values were normalized to dry
sample weight.

3.2.11 Histological Assessment
Radial cross sections were taken from the center of cusps, fixed in 10% neutral
buffered formalin, embedded in paraffin wax, and sectioned at 5 μm for light microscopy
analysis. Dahl’s alizarin red stain with light green counterstain was used to visualize
calcium deposition in implanted samples; calcium deposits appear red. Verhoeff van
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Giesen’s stain (VVG) was used to verify elastin preservation; elastin appears black while
collagen appears red. Alcian blue staining with nuclear fast red counterstain was used to
visualize GAGs; the blue color is indicative of GAG presence.

3.2.12 Statistical Analysis
Results are expressed as mean ± standard error of the mean (SEM). All negative
data is expressed as zero ± SEM. Statistical analyses were performed using one way
analysis of variance (1-way ANOVA). Tukey’s least significant difference was used for
multiple comparisons.

Differences between the means were determined using least

significant difference at a 95% significance level (α=0.05).

3.3 Results
3.3.1 GAG Stability during Fixation Process
Valve leaflets were tested following each fixation step to determine which step is
most critical to GAG preservation. Each cusp was cut in half, and treated with either a
buffer, or solution containing chondroitinase and hyaluronidase (collectively termed
GAGase).

Acid hydrolysis and hexosamine analysis followed to determine GAG

content. GAG content in the buffer shows the total amount of GAGs in the tissue
following fixation, while GAG content following enzyme digestion shows the relative
resistance to GAG degrading enzymes. An important fact to note is that much more
variation exists when testing tissue than when testing manufactured materials. As such,
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more variation may exist between test groups or samples harvested from separate
animals.

A

B

Figure 3.1. GAGs remaining following digestion per Sec 3.2.3.

Measured using

hexosamine assay. Demonstrates (A) increased stability following carbodiimide
crosslinking, and (B) no stability change with addition of isopropanol or ethanol
treatments. *Denotes significant difference between groups (p<0.05, n=6).

For simplicity in comparison, GAG groups were separated (Figure 3.1).
Neomycin treatment alone lost more GAGs than GLUT (GLUT: 121.91±14.81 μg GAG
/ 10 mg dry tissue, N: 24.80±7.33 μg GAGs / 10 mg dry tissue, p<0.001) when exposed
to enzymes. These results show that treatment with neomycin alone does not crosslink
tissue, but rather needs a chemical crosslinker, or activator, to bind to the tissue. This
was shown when carbodiimide treatment was added to the tissue.

GAG enzyme

resistance increased the most following the carbodiimide crosslinking step (NC:
152.37±7.33 μg GAGs / 10 mg dry tissue, N: 24.80±7.33 μg GAGs / 10 mg dry tissue,
p<0.001). Additionally, no difference in GAGase resistance was measured following
isopropanol and ethanol treatments. The final treatments were also compared (GLUT vs.
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NCIE).

When final treatments were compared, NCIE with ethanol end treatment

(187.92±8.21 63 μg GAG / 10 mg dry tissue) had much more favorable enzyme
resistance, compared with GLUT (121.91±14.81 63 μg GAG / 10 mg dry tissue,
p=0.003).

A

B

Figure 3.2. Sulfated GAGs lost into solution after enzymatic digestion, as measured by
DMMB assay. (A) Neomycin alone lost more GAGs than any group. (B) Fewer GAGs
lost in undigested tissue, while large variances were measured in later treatments
following digestion. *Statistical difference between treatments (p<0.05, n=6).

The DMMB assay is a colorimetric method to measure the GAG content removed
as a result of buffer or enzyme treatment, and can be used to confirm hexosamine
analysis. The DMMB results confirmed the analysis for fixation step mediated GAG
levels and GAGase resistance (Figure 3.2). Generally, DMMB results are the inverse of
hexosamine, since DMMB measures the amount of GAGs removed with enzyme
treatment, rather than the amount remaining in the tissue. Significantly higher levels of
GAGs were measured in the neomycin treated tissue (102.63±9.53 μg GAGs / 10 mg dry
tissue, p<0.001) than all other tissue. This further confirms that neomycin alone does not
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stabilize GAGs, but that an initiator is required for neomycin incorporation into
crosslinking.

GAG levels in the enzyme liquid were reduced when treated with

carbodiimide crosslinking (N: 102.63±9.53 μg GAGs / 10 mg dry tissue, NC: 21.29±9.54
μg GAGs / 10 mg dry tissue, p<0.001), which shows crosslinking occurred to stabilize
GAGs. GAGase resistance did not improve following isopropanol treatment, but did
after ethanol incubation (NCI: 34.27±6.00 μg GAGs / 10 mg dry tissue, NCIE:
11.21±3.93 μg GAGs / 10 mg dry tissue, p=0.009). Final treatment with ethanol appears
to have better GAGase resistance than GLUT (27.31±7.56 μg GAGs / 10 mg dry tissue),
but large variance did not result in a significant difference between GLUT and any other
treatment group.

3.3.2 Long-term Subdermal Implantation
Long term subdermal implantation in juvenile rats creates an accelerated model
for calcification of implants, and the effect of in vivo enzyme levels on implants. Using
this model, cusps were treated using tissue fixation strategies, and implanted for 10 and
15 weeks. This model was used to assess calcium and phosphorous levels and GAG
stabilization following implantation.

Calcium and phosphorous levels are used to

demonstrate the progression of mineralization in calcification. Both NCIE and GLUT
groups were pretreated with 80% ethanol, a proven calcification reduction method
[133,147,184-186].
Calcium and phosphorous levels were much lower in NCIE than GLUT at both
time points, and are expressed in μg Ca or P / mg dry tissue weight (Figure 3.3)
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(p<0.001). At 10 weeks, NCIE accumulated very little calcium (GLUT: 161.26±16.15,
NCIE: 4.06±2.39). At 15 weeks, NCIE had accumulated more, but still significantly less
than GLUT (GLUT: 203.63±8.15, NCIE: 20.91±13.28). The rate of progression was
similar for phosphorous levels.

At 10 weeks, NCIE had minimal phosphorous

accumulation (GLUT: 70.65±6.62, NCIE: 4.51±1.25).

After 15 weeks, NCIE still

accumulated minimal phosphorous levels (GLUT: 85.21±3.23, NCIE: 11.45±5.73).
Mineralization results were confirmed through Alizarin Red staining (Figure 3.4).

Figure 3.3. Mineralization following long term subdermal implantation, demonstrating
greatly reduced mineral formation levels in NCI groups than GLUT. * Denotes statistical
difference between groups (p<0.05, n=10).

Mineralization progression can be evaluated by calculating calcium to
phosphorous (Ca:P) ratios. This ratio increased as implantation time increased, but
values are indicative of immature hydroxyapatite formation. At 10 weeks, NCIE and
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GLUT Ca:P ratios were 0.64±0.12 and 2.26±0.03; at 15 weeks, NCIE and GLUT Ca:P
ratios were 0.99±0.20 and 2.39±0.02. However, none of these ratios are consistent with
natural hydroxyapatite Ca:P ratios (1.67), indicating that there may be another
mechanism of mineralization progression.

A

B

C

D

Figure 3.4. Histological cross sections of long term subcutaneously implanted porcine
aortic cusps. Alizarin red stain for calcium. Dark red is indicative of calcium deposits.
[A] GLUT 10 weeks, [B] NCI 10 weeks, [C] GLUT 15 weeks, [D] NCI 15 weeks.

Following 10 weeks implantation, resistance to GAG degrading enzymes was
measured (Figure 3.5). Samples were exposed to GAG degrading enzymes to determine
potential to maintain enzyme resistance after 10 weeks implantation. Enzyme resistance
was greatly increased in NCIE than GLUT implants (GLUT: 0±2.04 μg GAGs / 10 mg
dry tissue, NCIE: 73.11±34.11 μg GAGs / 10 mg dry tissue, p<0.001). Any GAGs
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remaining in implanted tissue in the GLUT group were removed when GAG degrading
enzymes were used. For reference, unimplanted tissue contained higher levels of GAGs
than implanted tissue, but the NCIE lost fewer GAGs than GLUT tissue (Preimplant
GLUT: 78.88±2.82 μg GAGs / 10 mg dry tissue, NCIE: 127.82±7.29 μg GAGs / 10 mg
dry tissue) during implantation. This demonstrates that GAGs were stabilized against
enzymes prior to implantation, and also that some in vivo mechanism is involved in
decreasing GAG stability. These results were confirmed using the Alcian blue stain for
GAGs (Figure 3.6).

A

B

Figure 3.5. GAG stability following implantation, as measured by hexosamine assay. (A)
Following 10 weeks implantation, samples were digested to determine stability. (B)
Following 15 weeks implantation, samples were evaluated for total GAG content.
*Statistical difference between groups (p<0.05, n=10).

Following 15 weeks implantation, GAG levels remaining in implanted cusps were
measured using the hexosamine assay (Figure 3.5). These tissues were not treated with
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enzymes, but rather absolute GAG content remaining following implantation was
measured. GLUT lost all GAGs during implantation, while NCIE retained a significant

A

B

C

D

Figure 3.6. Histological cross sections of long term subcutaneously implanted porcine
aortic cusps. Alcian Blue stain, blue is indicative of GAG presence. [A] GLUT 10
weeks, [B] NCI 10 weeks, [C] GLUT 15 weeks, [D] NCI 15 weeks.

percentage of the GAGs present in unimplanted tissue (GLUT: 0± 3.58 μg GAGs / 10
mg dry tissue, NCIE: 122.94±8.20 μg GAGs / 10 mg dry tissue, p<0.001).

For

comparison, unimplanted tissues contained more GAGs in NCIE than in GLUT as well
(GLUT: 130.80±9.73 μg GAGs / 10 mg dry tissue, NCIE: 169.73±34.11 μg GAGs / 10
mg dry tissue).

No significant difference was measured between baseline groups,

allowing good comparison between implanted groups for GAG loss. These results
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suggest that significant levels of GAGs are retained in NCI treated tissue even at 15
weeks of implantation. These results were confirmed using the Alcian blue stain for
GAGs (Figure 3.6).

3.3.3 Storage Studies
A ten month storage study was performed on the NCIE and GLUT groups to
assess the efficacy of isopropanol as a storage solution. GAG levels and GAGase
resistance, as well as elastase and collagenase resistance were measured. These tests and
their results are a step towards evaluating the shelf life for chemically fixed valves.

Figure 3.7. GAG stability following 10 months storage in GLUT or isopropanol, as
measured by hexosamine assay. *Statistical difference between groups (p<0.05, n=6).

The hexosamine assay was performed on NCIE and GLUT samples following
incubation in either GAG degrading enzymes or buffer (Figure 3.7). Absolute GAG
levels in the tissue remained higher in NCIE treated tissue than GLUT following storage
(GLUT: 137.80±9.07 μg GAGs / 10 mg dry tissue, NCIE: 223.13±9.81 μg GAGs / 10 mg
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dry tissue, p<0.001).

Further, the NCIE group exhibited higher GAGase resistance

following storage when compared to GLUT (GLUT: 128.46±5.60 μg GAGs / 10 mg dry
tissue, NCIE: 165.71±9.84 μg GAGs / 10 mg dry tissue, p=0.003). These data show that
there are also more GAGs following digestion of the NCIE group than the GLUT group
exposed to buffer (p=0.049), demonstrating that NCIE enzyme resistance even maintains
higher levels of GAGs than GLUT tissue not exposed to enzymes, over a ten month
storage period.

Figure 3.8. GAGs lost into enzyme liquid during digestion, following 10 months storage,
measured by DMMB assay. *Statistical difference between groups (p<0.05, n=6).

DMMB assay was performed on GAGase liquid for both NCIE and GLUT groups
which were stored for ten months, in order to confirm the hexosamine assay results
(Figure 3.8). The data showed roughly equal levels of GAGs released when treated with
a buffer, but also exhibited higher levels of GAGs released from the NCIE group than
GLUT (GLUT: 48.47±2.04 μg GAGs / 10 mg dry tissue, NCIE: 61.50±5.34 μg GAGs /
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10 mg dry tissue p=0.033), when exposed to GAG degrading enzymes. These results
show that more GAGs were released from NCIE tissue than GLUT when treated with
GAGase. This corresponds with hexosamine data. However, there were also higher
overall levels of GAGs in NCIE tissue compared with GLUT, when the hexosamine
assay was performed.

Figure 3.9. Extracellular matrix stability following 10 months storage, tested as in 3.2.6.
Figure demonstrates excellent collagen stability but poor elastin stability in both groups.
*Denotes statistical difference between groups (p<0.05, n=6).

Stabilization of the extracellular matrix following ten months of storage was
evaluated by measuring the percent weight loss when degraded by elastase or collagenase
(Figure 3.9). Half cusps were incubated in each solution. Stability against elastase did
not increase significantly when treated with NCIE (GLUT: 19.0±4.3% weight loss,
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NCIE 15.2±2.9% weight loss). Similarly, collagen stability did not increase, although
both tissues exhibited excellent collagen stability (GLUT: -3.2±0.7% weight loss, NCIE:
-4.1±0.5% weight loss). Negative values may occur in weight loss due to incomplete
drying, or other sensitivities to weight measurement. This data shows that treatment with
neomycin and carbodiimide crosslinking, followed by storage in isopropanol shows no
difference from glutaraldehyde crosslinking in stabilizing the extracellular matrix.
Therefore, the experimental (NCIE) group does not perform worse than GLUT, and
adequately stabilizes elastin and collagen, in addition to stabilizing GAGs.

3.4 Discussion
This study’s main objective was to further evaluate the ability of neomycin and
carbodiimide crosslinking to preserve GAGs in long-term application and storage of
bioprosthetic heart valve tissue. Secondary objectives were to determine which steps in
fixation modalities are most essential to stabilizing GAGs in the tissue, to measure
resistance to enzyme digestion following long term storage, and measure calcification in
a long term in vivo model. Neomycin and carbodiimide crosslinking were previously
shown to stabilize GAGs in short term models, and were further hypothesized to stabilize
GAGs in a long term subdermal model and through storage in an aldehyde-less solution.
GAG stability was measured through exposure of the tissue to a solution of GAG
degrading enzymes or buffer, followed by the hexosamine assay to measure GAG
content. Use of the buffer allowed determination of total GAG content, and GAG content
was measured following use of the enzyme in order to determine resistance to GAG
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degrading enzymes. A long term (10 and 15 week) subdermal juvenile rat model was
used for accelerated calcification and exposure to physiological enzyme levels. Mineral
and hexosamine levels were measured.

Finally, leaflets were further stored for ten

months, baseline GAG levels measured, and resistance to elastase, collagenase, and
GAGase measured to determine stability of the extracellular matrix following storage.
Glutaraldehyde crosslinked tissue is further stored in a solution of dilute
glutaraldehyde. Other solutions have been examined for storage; both for GLUT treated
tissue and other crosslinking methods, including formalin and ethanol. Previous use of
isopropanol in conjunction with neomycin and carbodiimide crosslinking exhibited
excellent properties when used as a collagen stability control for formaldehyde storage
solution. In these experiments, only collagenase and collagen denaturation temperatures
were evaluated, but were found similar to glutaraldehyde treated tissue. For this purpose,
isopropanol was chosen for the final storage solution, and to eliminate aldehyde groups in
the tissue which can exacerbate mineral formation.
Other clinically used chemical fixation methods tend to focus either on collagen
crosslinking or calcification reduction. Calcification remains one of the prominent modes
of bioprosthetic valve failure. The absence of GAGs has also been identified to play a
key role in both calcification increase and reduction of structural stability, which leads to
degenerative failure. Through preserving GAGs in bioprosthetic valve tissue, mechanics
could be improved, while reducing shear forces between fibrosa and ventricularis layers.
This could increase the durability of the valve tissue, and consequently the time before
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degenerative failure occurs in vivo. GAGs also play a role in reducing calcification, so
by increasing GAG stability, time to calcific stenosis and failure may be reduced as well.
Tissue preparation techniques from harvesting to initial fixation have been
previously demonstrated to play a key role in stabilization of GAGs. The effect of each
fixation step on the GAG stability was examined in this study in an attempt to show
which fixation step(s) are critical to GAG stabilization.

Neomycin alone failed to

adequately stabilize GAGs. This happens because the amine functionalities in neomycin
must be activated. Glutaraldehyde activates amines to form Schiff bases, while EDC
activates amines to form amide groups. This was demonstrated by the addition of EDC
and NHS into the tissue: both levels of GAGs in the tissue and resistance to enzymatic
degradation were increased.

A sterile storage liquid is required, since valves are

manufactured in advance with a two year shelf life. Isopropanol was added to the
carbodiimide crosslinking to serve as a storage solution, and showed no significant
addition to GAG stability.

One day of ethanol incubation further increased GAG

stability. This mechanism is unknown, but could be due to conformational changes
created which further inhibit the enzymatic activity.
Similar to polymers, chemically treated tissues exhibit optimal properties
immediately following treatment, before any degradation can occur.

Tissue is not

implanted immediately following fixation, and so must have a relevant shelf life. This is
a time where the implants can be stored and still maintain desired properties for
application.

Glutaraldehyde or formaldehyde based solutions are typically used for

BHVs, but these tissues may contain residual aldehydes, toxic to the body if leached. If
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elimination of glutaraldehyde treatment is desired, it cannot be used as a storage solution.
For this purpose, isopropanol was chosen as an alternative storage solution for
carbodiimide crosslinked valves.
Extracellular matrix stability was tested following ten months of storage, and
compared to tissue treated with and stored in glutaraldehyde. Properties were desired to
be equivalent to or better than glutaraldehyde. Equivalent stability of elastin and collagen
against enzymatic degradation was observed following storage. A significant amount of
weight was still lost due to elastase digestion; an elastin-targeted fixation scheme may
improve this resistance. In non-enzyme treated tissue, NCIE leaflets contained fewer
GAGs than GLUT leaflets. Similarly, GAG-enzyme digested tissue contained higher
GAG levels in NCIE leaflets than GLUT leaflets. Further, the GAG levels following
enzyme treatment in NCIE leaflets still remained higher than the undigested GLUT
samples. This indicates that GAGs are maintained even through ten months of storage by
using the NCIE treatment. Further, other extracellular matrix components did not exhibit
a change in enzymatic resistance, indicating stability equivalent to GLUT.
While enzymatic resistance to elastase is shown to be comparable to GLUT, a
significant amount of elastin was still degraded. This effect was also previously observed
in non-stored in vitro studies [144]. Elastin does play a critical role in native valve
mechanics; fragmentation of elastin also plays a role in both calcific accumulation and
structural degradation. Improved stability of elastin may be beneficial to BHVs, and is
examined in the following chapter.
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Following demonstration of the ability to stabilize GAGS in vitro and maintain
this capacity following storage, long term in vivo stabilization properties were examined
using a subdermal model.

Potential to reduce calcification was also examined.

Compared to in vitro testing, resistance to GAG degrading enzymes was decreased in
NCIE following 10 weeks implantation, but remained significantly higher than GLUT.
Further, after 15 weeks implantation, significant levels of GAGs remained in the tissue.
These combined results suggest that GAGs are stabilized against both leaching and in
vivo degradation, but a mechanism exists in vivo which destabilizes GAGs when exposed
to in vitro levels of GAG degrading enzymes.
A surprising result was that NCIE treatment combined with ethanol incubation
drastically reduced calcification up to 15 weeks, compared to GLUT and ethanol control
treatment. Ethanol incubation has been previously shown to have a marked reduction on
calcification of implants, even in glutaraldehyde crosslinked tissue [133,147,184,185].
This effect was not observed in the present study, but lacks a control for ethanol
treatment. This experimental design was intentional, since ethanol treatment has proven
effective, and is used by St Jude Medical in their Linx treatment. However, it is an
oversight which doesn’t allow demonstration of the ethanol treatment’s efficacy in the
current study. Calcium to phosphorous ratios can be used in calcification studies to show
the progression of mineralization. Normal mineralization results in hydroxyapatite-like
material, with a Ca:P of 1.67. This ratio was much lower in NCIE treated tissue, possibly
due to increased levels of phosphate in the tissue. Conversely, the ratio was higher than
for hydroxyapatite in GLUT treated tissue, indicating higher levels of calcium than
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phosphate. This trend has been observed in previous studies for GLUT treated tissue as
well.

The reason for altered mineralization progression is not understood, but one

possibility is that the crosslinking mechanisms play a role in which element accumulates
at a higher rate.

3.5 Conclusions
A tissue crosslinking treatment has been presented in this chapter which has the
potential to stabilize GAGs in bioprosthetic heart valve tissue. This was shown at
different steps through the fixation procedure, as well as following ten months storage in
solution. Further, no adverse effect to stability of other extracellular matrix components
was seen following storage. This treatment was then used to demonstrate GAG stability
in an in vivo model, with the additional benefit of reduced calcification of the implant.
The fixation procedure analysis and storage studies present a step towards determining
necessary steps for manufacturing valves, and their shelf life.

Additionally, the

implantation studies show the ability of tissue treated using this method to resist
enzymatic degradation and accumulation of calcific components. This has the potential
to increase the durability of BHVs by reducing structural and calcific degradation. If
these trends carry over to functional testing, the results present an improved method for
chemical treatment of BHVs.
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CHAPTER FOUR
PGG AND NEOMYCIN ENHANCED EXTRACELLULAR
MATRIX STABILIZATION
4.1 Introduction
Preserved tissues have been used for bioprosthetic heart valve application for
decades. Treatments are applied to this tissue in an effort to reduce the xenogenic tissue
antigenicity and suppress immune rejection when implanted in a patient.

These

treatments also create crosslinks in the extracellular matrix, in an effort to preserve it
against enzymatic degradation and further increase its durability. Glutaraldehyde is the
clinical tissue fixative used for BHVs since the 1970s. This chemical has the ability to
crosslink proteins, reduce antigenicity (by devitalizing cells), and sterilize the tissue.
Many of the modern implants fail in an unacceptable time due to calcification and
structural failure. Additions or changes to crosslinking modalities may be able to change
these failure rates.
Pentagalloyl glucose has been shown to be effective in stabilizing pure elastin,
elastin in aortic wall, and interventionally as treatment for diseased elastin in abdominal
aortic aneurysms.

Elastin plays a key role in tissue biomechanics, and also in

calcification mechanisms. Stabilization of elastin against enzymatic degradation may be
useful in reducing structural failure and elastin-mediated calcification. Neomycin has
been shown to stabilize GAGs, which also play a key role in tissue biomechanics and
calcification. The incorporation of both these chemicals into glutaraldehyde crosslinking
strategies may prove beneficial to stabilizing native proteins in porcine aortic leaflets, and
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consequently increase the durability of these implants. The effect of this crosslinking on
stabilizing proteins against both in vitro and in vivo enzymatic degradation, improving
mechanical properties, and reducing calcification in vivo are examined in the present
chapter.

4.2 Methods
4.2.1 Materials
Sodium chloride, hydrochloric acid, acetyl acetone, calcium chloride, sodium azide,
isopropyl alcohol, glycine and dibasic sodium phosphate were purchased from Fisher
Scientific (Fair Lawn, NJ).

Collagenase (VII) from Clostridium histolyticum,

chondroitinase ABC from Proteus vulgaris, hyaluronidase from bovine testes,
ammonium acetate, neomycin trisulfate, 1,9-dimethylmethylene blue, D(+) Glucosamine,
and chondroitin sulfate C salt were purchased from Sigma-Aldrich Corporation (St Louis,
MO). Porcine pancreatic elastase was purchased from Elastin Products Co (Owensville,
MO). 8% EM grade glutaraldehyde was purchased from Polysciences, Inc. (Warrington,
PA). Sodium chloride, sodium carbonate, and ethylene diamine tetraacetic salt were
purchased from Acros Organics (Morris Plains, NJ). Ultrex II hydrochloric acid and 2(N-morpholino) ethanesulfonic salt were purchased from J.T. Baker (Phillipsburg, NJ).
P-dimethyl aminobenzaldehyde was purchased from Ricca Chemical Co. (Arlington,
TX).

Ethanol was supplied from Clemson University (Clemson, SC).

4-(2-

hydroxyethyl)-1-piperazinesulfonic acid (HEPES) was purchased from EMD Chemicals
(Billerica, MA). Lanthanum oxide (III) was purchased from Alfa Aesar (Ward Hill,
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MA). Pentagalloyl glucose was purchased from OmniChem (Belgium). Porcine aortic
valves were supplied from Snow Creek Meat Processing (Seneca, SC).

4.2.2 Tissue Preparation and Fixation
Fresh porcine aortic valves were harvested on site at a local slaughterhouse, Snow
Creek Meat Processing (Seneca, SC). Valves were excised immediately upon animal
death, and were removed by incisions just below the aortic cusps, and above the aortic
sinuses. The valves were transported on ice back to the laboratory, and were thoroughly
rinsed in 0.9% saline. Excess muscle tissue, fat, and aortic wall was removed from the
valve, leaving approximately 2 cm of aortic wall connected to the leaflet. Following
rinsing and trimming, whole valves were fixed; or the three cusps were separated by
cutting along the aortic wall, and fixed immediately. All fixation steps used 33 mL
solution per cusp, and carried out at room temperature within four hours of harvesting.
For pentagalloyl glucose (PGG) solutions, PGG was dissolved in HEPES buffered saline
using heat, cooled to room temperature, and glutaraldehyde added to 0.6%.

GLUT: Tissue was placed in 0.6% glutaraldehyde in 50 mM HEPES buffered saline
(pH 7.4) for 24 hours, solution decanted, and replaced with 0.02% glutaraldehyde in 50
mM HEPES buffered saline (pH 7.4) for at least six days.
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PG: Tissue was placed in pentagalloyl glucose (PGG) in 0.6% glutaraldehyde in 50 mM
HEPES buffered saline (pH 7.4) for 24 hours, rinsed, and replaced with 0.2%
glutaraldehyde in 50 mM HEPES buffered saline (pH 7.4) for another six days.

NPG: Tissue was placed in 1 mM neomycin trisulfate in 50 mM MES buffered saline
(pH 5.5) for one hour under orbital shaking. Solution was decanted, and fixed according
to PG method described above.

4.2.3 Enzymatic Stability of GAGs
Aortic valve leaflets were carefully excised from the aortic wall, and washed
thoroughly in 100 mM ammonium acetate buffer (AAB) at pH 7.0 3x for 5 minutes.
Leaflets were cut symmetrically, and one half incubated in 1.2 mL GAG degrading
enzyme solution (5 U/mL hyaluronidase, 0.1 U/mL chondroitinase in 100 mM AAB, pH
7.0). Samples were shaken vigorously for 24 hours at 37 degrees C. Following 24 hours
incubation, the leaflets were washed in distilled water 3x for 5 min, frozen, and
lyophilized. Enzyme solutions were saved for DMMB analyses.

4.2.4 Collagen and Elastin Stabilization of Porcine Aortic Cusps
Aortic valve leaflets were cut in half symmetrically, rinsed in nanofiltered water,
blotted dry, frozen, lyophilized, and weighed. Half cusps were incubated in 1.2 ml of 5
U/ml elastase in 100 mM Tris, 1mM CaCl2, 0.02% NaN3 (pH 7.8) for 24 hours, or 75
U/mL collagenase (Type VII) in 50 mM Tris, 10 mM CaCl2, 0.02% NaN3 (pH 8.0) for 48
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hours at 37 C while shaking at 650 RPM. Enzyme liquid was saved for further studies,
digested cusps rinsed in nanofiltered water, blotted dry, frozen, lyophilized, and weighed.
Percent weight loss was calculated. Cusps were saved for histology or hexosamine
analyses.

4.2.5 GAG Quantification: Hexosamine Assay
Total hexosamine content can be measured using the hexosamine assay as
previously reported.

Elson and Morgan’s modified hexosamine assay was used to

measure GAG-related hexosamines. Lyophilized GAG digested samples were weighed,
digested in 2 mL 6 N HCl (24 hours, 96 degrees C), and dried under nitrogen gas.
Samples were resuspended in 2 mL 1M sodium chloride and reacted with 2 ml of 3%
acetyl acetone in 1.25 M sodium carbonate. 4 mL ethanol and 2 ml of Ehrlich’s reagent
(0.18 M p-dimethylaminobenzaldehyde in 50% ethanol containing 3N HCl) were added,
and solutions left for 45 min to allow the color to develop. A pinkish-red color is
indicative of tissue hexosamine quantities, and the absorbance was read at 540 nm. A set
of D(+)-glucosamine standards were used.

4.2.6 GAG Quantification: DMMB Assay
Tissue lysates from GAG digestion were analyzed using the DMMB assay for
sulfated GAGs which are released into the enzyme or buffer solution as in section 4.2.3.
The following solutions were pipetted into each well of a 96-well plate: 20μL tissue
digest, 30μL PBE buffer (100 mM Na2HPO4, 5 mM EDTA, pH7.5), and 200μL DMMB
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reagent (40 mM NaCl, 40 mM Glycine, 46μM DMMB, pH 3.0). These were compared
to chondroitin sulfate (0-1.25μg) standards, and absorbance measured at 525 nm.
Absorbance was read immediately to prevent degradation of the GAG-DMMB dye
complex, using the μQuant spectrophotometer (BIO-TEK instruments, Winooski, VT).

4.2.7 Optimization of PGG Concentration
NPG and PG fixation was performed using various concentrations of PGG
ranging from 0.05% to 0.15%, with glutaraldehyde used as a control. All tissues were
exposed to elastin and collagen degrading enzymes (Sec 4.2.4) and GAG degrading
enzymes (Sec 4.2.3). Weight loss was used to evaluate elastin and collagen stability,
while hexosamine and DMMB analyses were used to evaluate GAG loss (Sec 4.2.5,
4.2.6).

4.2.8 Subdermal Implantation
Following fixation, all tissues were treated with 80% ethanol in HEPES, pH 7.4
for 24 hours and rinsed thoroughly in sterile saline prior to implantation. Male juvenile
Sprague-Dawley rats were anesthetized by inhalation of 3% isoflurane gas. A dorsal
surgical incision was made, and two subdermal pockets created on either side of the
sagittal plane. Cusps were blotted dry and positioned to lie as flat as possible in the
pocket. One cusp was placed per pocket. Incisions were closed with surgical staples and
tissues retrieved after 21 days. The rats were euthanized with a carbon dioxide and
oxygen mix. Half cusps were saved for hexosamine (Sec 4.2.5), elastin stability (Sec
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4.2.4), and mineral content (Sec 4.2.9). The middle section was placed in 10% Neutral
Buffered Formalin (NBF) and saved for histological analysis. The remaining sections
were placed immediately on dry ice, and frozen at -80 °C as soon as possible.

4.2.9 Mineral Content: Calcium and Phosphorous Analysis
Half cusps from subdermal implantation were lyophilized, weighed, and acid
hydrolyzed in 2 ml 6N Ultrex II HCl for 20 hours at 96ºC. Samples were dried under
nitrogen gas, resuspended in 1 ml 0.01N Ultrex II HCL, and centrifuged at high speeds to
separate residual particles. Samples were diluted 1:50 or 1:100 in nanofiltered water, and
Clemson University faculty performed elemental analysis at the Clemson University
Agricultural Service Laboratory.

The Spectro Acros ICP Spectrometer (SPECTRO

Analytical Instruments, Kleve, Germany) was used to measure calcium and phosphorous
content in ppm. Dilution ratios were used to calculate element content of the sample, and
values were normalized to dry sample weight.

4.2.10 Histological Assessment
Radial cross sections were taken from the center of cusps, fixed in 10% neutral
buffered formalin, embedded in paraffin wax, and sectioned at 5 μm for light microscopy
analysis. Dahl’s alizarin red stain with light green counterstain was used to visualize
calcium deposition in implanted samples; calcium deposits appear red. Verhoeff van
Giesen’s stain (VVG) was used to verify elastin preservation; elastin appears black while
collagen appears red. A ferric chloride stain for polyphenols (10% FeCl3 in methanol
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counterstained in 1% light green) verified the presence of PGG in cusp tissue;
polyphenols appear black. Alcian blue staining with nuclear fast red counterstain was
used to visualize GAGs; the blue color is indicative of GAG presence. Representative
photomicrographs were taken using Zeiss Axioscope 2 Plus (Carl Zeiss MicroImaging,
Inc., Thornwood, NY).

4.2.11 Uniaxial Tensile Testing
The MTS Synergie 100 (MTS Systems, Eden Prairie, MN) was used for uniaxial
tensile testing with a 10N load cell, and Testworks 4 software for analysis. A 12 mm
long by 4 mm wide tissue stamp cut circumferential or radial tissue sections from the
center of whole leaflets, immediately prior to testing. Water maintained hydration of the
samples, which were placed in custom grips lined with fine sandpaper to protect the
tissue from tearing. Samples were preloaded to very small (less than 0.1N) loads, and
width, thickness, and grip separation recorded. An extension rate of 12.5 mm/min was
used to stretch the tissue, and stress-strain curves analyzed for elastic moduli, ultimate
tensile stress, and extensibility.

4.2.12 Differential Scanning Calorimetry
Differential scanning calorimetry (DSC) was used to measure the thermal
denaturation temperature (Td) of collagen. Samples (3-8 mg) from each of the NPG and
Glut groups were carefully cut from generally the same region of the cusp, blotted dry,
and placed flat in hermetically sealed pans . Samples were tested using a DSC 2920 (TA
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Instruments, Newcastle, DE). A pilot run verified the Td range for Glut compared to
previous results, and the remainder of samples were equilibrated at 20 ºC, and heated at
10 ºC/min until 105ºC (Glut) or 125ºC (NPG). A higher maximum temperature was used
for NPG to ensure no additional peaks occurred due to alternative crosslinks. The
denaturation temperature was recorded as the maximum value of the endotherm peak.

4.2.13 Statistical Analysis
Results are expressed as mean ± standard error of the mean (SEM). All negative
data is expressed as zero ± SEM. Statistical analyses were performed using one way
analysis of variance (1-way ANOVA). Multiple comparisons were made using Tukey’s
least significant difference value. Differences between the means were determined using
least significant difference at a 95% significance level (α=0.05).

4.3 Results
4.3.1 PGG Concentration Optimization
The optimal concentration of tannic acid or PGG used to preserve aortic elastin
has been previously determined [126,180,181,183].

To evaluate the optimal PGG

concentration for preserving elastin in the less elastin-rich porcine aortic valves, leaflets
were crosslinked using various concentrations of PGG ranging from 0.05% to 0.15%.
Samples were tested both with and without neomycin treatment. These samples were
then exposed to elastin, collagen, and GAG degrading enzymes, and compared to GLUT
samples to evaluate enzyme resistance. Elastin and collagen resistance was determined
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by percent weight loss; low weight loss is indicative of higher enzyme resistance. GAG
enzyme resistance was evaluated by use of hexosamine and DMMB assays. Two key
differences exist in these assays: (1) hexosamine is performed on the tissue while DMMB
is performed on the liquid remaining, and (2) hexosamine measures sulfated and nonsulfated GAGs, while DMMB can only quantify sulfated GAGs.
Weight loss due to elastase, a measure of elastin stability, was performed on PG
and GLUT samples (Figure 4.1). All groups treated with PGG exhibited increased
elastase resistance (p<0.001) when compared to glutaraldehyde treated tissue (GLUT:
20.47±0.54, 0.05% PG: 8.82±1.22, 0.10% PG: 5.51±0.43, 0.15% PG: 7.03±1.05
percent weight loss, p<0.001). There was no significant separation in elastin stability
between PGG groups. This suggests that PGG does indeed stabilize elastin in porcine
aortic valve cusps when compared to GLUT (a decrease of up to 14.96 percent weight
loss), but the concentration range did not exhibit a significant effect on elastin stability.
Therefore, it is possible that smaller concentrations of PGG are required to stabilize
elastin. Since there was no separation between PGG concentrations, other tests may be
significant in determining the optimal concentration.
Weight loss due to collagenase was performed on PG and Glut samples to verify
that the addition of PGG does not interfere with collagen crosslinking and stability
(Figure 4.1). PG groups exhibited higher variance than GLUT samples, and slightly
higher values (GLUT: -0.18±0.30, 0.05% PG: -1.18±0.43, 0.10% PG: 2.04±0.55,
0.15% PG: 4.83±2.29 percent weight loss). Although no significant difference was
measured between any treatment groups, collagen stability appeared to decrease slightly
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with the addition of PGG. The apparent decrease in collagen stability and increase in
variability of samples may be an artifact of the test.

Occasionally when enzyme

resistance is high, test factors can contribute to false negative weight loss, such as
incomplete rinsing or lyophilization, or poor weight balance resolution. These results
show that the addition of PGG does not negatively affect collagen stability at a statistical
level, and that the concentration of PGG does not have an effect on collagen stability.

Figure 4.1. Extracellular matrix stabilization in PGG and GLUT treated tissue, evaluated
by digesting with collagenase or elastase. Results demonstrate increase in elastin stability
using PGG. *Statistical difference between groups (p<0.05, n=6).

Hexosamine analysis was performed on PG, Glut, and fresh samples to determine
if PG crosslinking has an effect on GAG preservation (Figure 4.2). Tissue treated with
buffer contained equivalent GAG amounts across all groups, which makes the evaluation
of GAG levels following exposure to GAG degrading enzymes simpler. All groups were
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in the range of 250 μg GAGs / 10 mg dry tissue prior to enzyme digestion. GLUT and
0.05% PG performed poorly and offered the least resistance to GAG degradation, but still
retained a relatively high number of GAGs (GLUT: 119.48±30.91 μg GAGs / 10 mg dry
tissue, .05% PG: 138.35±37.93 μg GAGs / 10 mg dry tissue). Tissue treated with higher
concentrations of PGG retained more GAGs following digestion with enzymes (0.10%
PG: 262.81±8.37 μg GAGs / 10 mg dry tissue, 0.15% PG: 263.23±5.67 μg GAGs / 10
mg dry tissue). These groups retained a remarkable 99% more GAGs when treated with
enzyme.

No significant enzyme resistance difference was observed between GAG

digested 0.05% PG, Glut, and fresh samples.

Figure 4.2. GAG stability following PG treatment, measured by hexosamine assay.
Results demonstrate improved GAG stability with higher concentrations of PGG.
*Denotes statistical difference between experimental groups (p<0.05, n=6).
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A pilot study was conducted to evaluate enzyme resistance of PG tissues with
neomycin trisulfate added (NPG, data not shown). Resistance to elastase and collagenase
in particular were very promising, demonstrating -0.27±1.11 and 1.61±0.41 percent
weight loss, respectively. Following the results of this pilot study, we decided to pursue
chemical fixation using neomycin, PGG and GLUT (NPG).

The remainder of this

chapter will focus on optimizing PGG concentration when used with neomycin, and
further results using the optimized PGG concentration in NPG crosslinking.
Histological analysis was performed on NPG and GLUT tissue to visualize
microscopic structures. Verhoeff van Giesen’s elastic stain, which stains elastin black,
was used to show increased levels of unfragmented elastin in NPG tissue (Figure 4.3).
The Alcian blue stain with nuclear fast red counterstain was used to demonstrate higher
levels of GAGs in NPG than GLUT tissue. In this stain, GAGs are colored blue (Figure
4.4). A polyphenol specific stain utilizing ferric chloride and light green counterstain
was used to visualize presence of PGG in NPG treated tissue. Ferric chloride stains
polyphenols black or a darker color than surrounding tissue (Figure 4.5)

A

B

Figure 4.3. Verhoeff van Giesen’s stain for (A) GLUT, (B) NPG treated tissue. Elastic
fibers are stained black.
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A

B

Figure 4.4. Alcian blue stain for GAGs. (A) GLUT, (B) NPG treatments. GAGs are
stained blue.

A

B

Figure 4.5. Ferric chloride stain for polyphenols. (A) GLUT, (B) NPG treatment. PGG
is stained black, but takes on a dark greenish tint due to image processing.

Elastin stability was evaluated on NPG, GLUT, and fresh tissue through
measuring weight loss due to enzyme degradation (Figure 4.6).

All NPG groups

exhibited higher resistance to elastase than GLUT or Fresh tissue (Data is expressed in
percent weight loss; Fresh: 27.93±1.60, GLUT: 18.77±1.83, 0.05% NPG: 10.14±1.06,
0.10% NPG: 8.61±2.48, 0.15% NPG: 3.97±2.50). There was no significant separation
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between NPG groups, although the use of 0.15% NPG greatly increase elastin stability
compared to GLUT or Fresh controls. These results suggest that the presence of PGG
alone at concentrations at least 0.05% is sufficient to preserve elastin when exposed to
elastase in vitro, when compared to GLUT (a difference of at least 8.63 percent weight
loss) or fresh (a difference of at least 17.79 percent weight loss). Elastin stability was
verified histologically using Verhoeff van Giesen’s stain (Figure 4.7), and stability of
PGG when exposed to enzymes was further verified histologically using a Ferric
Chloride stain (Figure 4.8).

Figure 4.6. Extracellular matrix stability in NPG treated tissue, evaluated using elastase
and collagenase as in 4.2.4. Results demonstrate excellent collagen and elastin stability
in NPG tissues. *Statistical difference between GLUT and experimental group (p<0.05,
n=6).
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A

B

C

D

E

F

Figure 4.7. Verhoeff van Giesen’s stain following digestion with (A,C,E) Collagenase or
(B,D,F) Elastase. (A-B) Fresh, (C-D) GLUT, (E-F) 0.15% NPG. Note black stained
elastic fibers are maintained in NPG treated tissue, but not GLUT or Fresh.
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A

D

B

C

E

F

Figure 4.8. Ferric chloride polyphenol stain following exposure to (A-C) Collagenase
and (D-F) Elastase. (A, D) Fresh, (B, E) GLUT, (C, F) 0.15% NPG. Note overall darker
stain in NPG tissue, indicative of PGG presence.

A similar trend was observed when collagen stability was evaluated on NPG,
GLUT, and fresh tissue (Figure 4.6). GLUT is known to crosslink collagen, so this test is
intended to show NPG does not negatively affect the GLUT crosslinking. All crosslinked
tissue performed better than fresh tissue (Data expressed in percent weight loss; Fresh:
76.65±1.12, GLUT: 8.03±1.77, 0.05% NPG: 3.88±0.29, 0.10% NPG: 2.00±0.52,
0.15% NPG: 0.00±2.15, p<0.001).

All concentrations of NPG resulted in greatly

increased enzyme resistance when compared to GLUT, observed from the drastic
reduction in weight loss.

However, only the 0.15% and 0.10% treatments were

statistically significant (p<0.05).

Again, statistical significance was not measured
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between higher concentrations of NPG (0.15% and 0.10% PGG). However, the stark
difference in elastin stability was such that 0.15% PGG was pursued. Extracellular
matrix stability was verified histologically using Verhoeff van Giesen’s stain (Figure
4.7).

Figure 4.9. GAG stability following NPG treatment, measured by hexosamine assay.
Results demonstrated improved GAG levels and stability following NPG treatment.
Large variance and possible impurities contributed to high levels in 0.10% NPG group.
*Statistical difference between GLUT and experimental group (p(0.05, n=6).

NPG and GLUT samples were treated with either a buffer solution to measure
total GAGs, or a GAG degrading enzyme solution to measure GAG stability.
Hexosamine analysis followed, in order to evaluate the effect of changing PGG
concentration on preserving GAGs. All NPG groups preserved GAGs better than GLUT
or fresh tissue, as evidenced by higher levels of GAGs remaining following enzyme
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digestion (All data in μg GAGs / 10 mg dry tissue; Fresh: 78.94±5.71, GLUT:
119.48±30.91, 0.05% NPG: 250.06±7.64, 0.10% NPG: 238.81±4.92, 0.15% NPG:
261.87±7.98, p<0.003). When exposed to enzymes, all NPG groups had significantly
reduced variation in GAG levels than GLUT treated tissue. There was a degree of
separation between 0.15% and 0.10% NPG groups (p=0.034). The 0.15% NPG group
also exhibited much higher resistance to GAG degrading enzymes than any other fixation
group. A large variance of the 0.10% NPG baseline group contributed to this, but enough
of a difference was seen that, when combined with other enzyme resistance data from
elastase and collagenase, the 0.15% NPG group was chosen for further studies. These
results were confirmed histologically using Alcian blue staining for GAGs (Figure 4.11).

Figure 4.10. GAG levels in enzyme liquid following digestion, measured by DMMB
assay. Data matches hexosamine data in Fig 4.9, except demonstrates lower levels in
0.10% NPG group, as expected. *Denotes statistical difference between GLUT and
experimental group (p<0.05, n=6).
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C

D

Figure 4.11. Alcian blue staining for GAGs. (A) Fresh, (B) GLUT, (C) 0.15% NPG, (D)
0.15% NPG GAG enzyme treated. Higher GAG levels are still seen in NPG enzyme
treated tissue than GLUT or Fresh.

This data was confirmed by measuring quantities of sulfated GAGs lost to
enzyme digestion through use of the DMMB assay (Figure 4.10). Undigested samples
lost the same amount of GAGs between GLUT and NPG groups, and GAG levels were
drastically decreased relative to fresh tissue. Digested samples treated with NPG were
much lower than GLUT or fresh tissue (Data in μg sulfated GAGs / 10 mg dry tissue;
Fresh: 58.96±3.58, GLUT: 29.73±3.39, 0.05% NPG: 4.41±1.37, 0.10% NPG:
2.73±0.79, 0.15% NPG: 0.00±0.78, p<0.05). This confirms results of the hexosamine
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assay, and shows that NPG treated tissue exposed to enzymes loses minimal levels of
GAGs to the enzyme liquid.

4.3.2 Evaluation of Material Properties
Differential scanning calorimetry can measure the thermal denaturation
temperature (Td) of collagen, which is a measure of crosslinking within the tissue (Table
4.1). The thermal denaturation temperature is defined as the temperature at the peak of
the exotherm. High concentration (0.15% PGG) NPG and GLUT samples were assessed.
The thermal denaturation temperature was higher for NPG than GLUT (GLUT:
88.90±0.43ºC, NPG: 94.89±0.61ºC, p<0.001). The difference between the measured Td’s
indicates there is a difference between the degree of crosslinking in the NPG and GLUT
groups. This further confirms results from extracellular matrix stability against enzyme
digestion. The exact mechanism of crosslinking is difficult to measure, but it may be
contributed to additional collagen crosslinks formed by introducing PGG, or collagenelastin crosslinks formed by PGG-Glutaraldehyde complexes.

Treatment
NPG
GLUT

Table 4.1.

Thermal Denaturation Temperature (ºC) ±
SEM (n=6)
94.89 ± 0.61
88.90 ± 0.43

Mean collagen thermal denaturation temperature, as measured using

differential scanning calorimetry. Statistically significant difference (p<0.05, n=6).
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Figure 4.12. Representative DSC traces for NPG and GLUT treated tissue.

Figure 4.13. Mechanical uniaxial tensile testing summary. (A) Lower elastic modulus
(elastin response region), (B) Upper elastic modulus (collagen response region), (C) Peak
stress, (D) Tissue extensibility. (p<0.05, n>6).
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Mechanical testing is necessary to evaluate potential valve performance. The
stiffness and extensibility of tissue directly affects fatigue life and can contribute to
structural degradation and cuspal tears.

The introduction of PGG into GLUT

crosslinking necessitates the testing of valves to ensure their mechanical properties are
not adversely affected. Uniaxial tensile testing measured the upper and lower elastic
moduli, ultimate tensile stress, and extensibility were measured in both radial and
circumferential directions. Valve mechanics are highly complex, and exhibit multiple
elastic moduli due to the varied properties of elastin, collagen, and their interactions.
The elastic modulus (E) was used to evaluate tissue stiffness following uniaxial
testing (Figure 4.13). Elastin interactions dominate the lower modulus region, which is
defined as the modulus in the toe region of the stress-strain curve. Collagen interactions
begin to take over, and dominate in the upper modulus region, which is the modulus in
the ascending region of the stress-strain curve. NPG was compared to GLUT to ensure
no negative and unwarranted changes to stiffness occurred in either the radial or
circumferential direction. In the lower modulus region, NPG was stiffer than GLUT
tissue in both radial (p=0.001) and circumferential (p=0.014) directions (GLUT radial:
167.7±18.8 kPa, NPG radial: 387.2±50.2 kPa, GLUT circumferential: 547.0±35.9 kPa,
NPG circumferential: 1284.7±179.6 kPa). The increased stiffness of NPG tissue in the
lower modulus region is believed to be indicative of increased elastin preservation and
crosslinking. In the upper modulus region, NPG tissue was less stiff than GLUT tissue in
the radial and in the same range as GLUT in the circumferential directions (GLUT
radial: 1859.4±132.6 kPa, NPG radial: 1191.9±193.2 kPa, GLUT circumferential:
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4375.4±892.5 kPa, NPG circumferential: 4623.3±850.1 kPa). It is important to note
that while the difference in the upper modulus in the radial direction is not different at a
statistical level, NPG presents a marked change in elasticity over GLUT.
Peak tensile stresses were measured for each group in both circumferential and
radial directions. This value shows the crosslinking strength of the tissue, and its ability
to resist tensile forces. NPG exhibited higher peak tensile stresses than GLUT in the
circumferential direction (p=0.011), but was in the same range as GLUT in the radial
direction

(GLUT

circumferential:

1233.6±211.7

kPa,

NPG

circumferential:

2213.2±279.6 kPa, GLUT radial: 1023.8±80.8 kPa, NPG radial: 892±110.5 kPa).
Tissue extensibility shows the strain level where collagen mechanics dominate the
tissue response. It is defined as the point where the upper modulus crosses the strain axis.
NPG and GLUT tissue were roughly equivalent in both directions (GLUT radial:
19.0±3.1,

NPG

radial:

18.5±3.6,

circumferential: 12.4±2.1%).

GLUT

circumferential:

14.3±2.4%,

NPG

This result is expected and desired, due to valve

mechanics. The tissue must remain more yielding in order to ensure full coaptation.

4.3.3 Rat Subdermal Implantation: Calcification and ECM Stabilization
Subdermal implantation in juvenile rats provides an accelerated model for
calcification of implants and exposes them to a wider array of enzymes occurring at
natural levels. This allows evaluation of calcification reduction potential and resistance
to in vivo enzyme levels. This model was used for 21 days to evaluate the calcium and
phosphorous levels, GAG stabilization, and elastin stabilization in NPG implants
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compared to GLUT implants. Ferric chloride staining confirmed presence of PGG after
implantation (Figure 4.14). Both groups were exposed to 24 hour ethanol treatments
prior to implantation intended to reduce calcification levels. No rats experienced severe
immune reactions to the implanted leaflets.

A

B

Figure 4.14. Histological cross sections from 3 weeks subdermal implants. Ferric
chloride stain for polyphenol presence in (A) GLUT and (B) NPG treated tissue. Note
the overall darker color in NPG tissue, indicative of PGG presence.

Calcium and phosphorous levels were measured and normalized to tissue weight,
and are both key elements indicative of calcification progression (Figure 4.15). Calcium
levels were much reduced in NPG when compared to GLUT tissue (GLUT: 56.24±10.50
μg Ca / mg dry tissue, NPG: 3.51±0.50 μg Ca / mg dry tissue, p=0.001). These results
were confirmed using histology. The large reduction of calcium content in NPG groups
indicates that either GLUT alone possesses chemical groups which propentiate
calcification, or that the increased bonds from neomycin and PGG provide some innate
ability to reduce calcium levels. Relative levels were confirmed histologically using
Dahl’s Alizarin Red stain (Figure 4.16).
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Figure 4.15. Mineral content following 3 weeks subdermal implantation. Both groups
were treated with ethanol pretreatment, but GLUT mineral levels remained higher than
NPG. *Statistical difference between groups (p<0.05, n=6).

A

B

Figure 4.16. Histological cross section from 3 weeks subdermal implants. Alizarin red
stain turns calcium red. (A) GLUT, and (B) NPG.

Phosphorous is the other major element involved with calcification. These levels
typically have a positive correlation with calcium levels. This pattern was observed in
the present study (Figure 4.14); NPG tissue contained less phosphorous than GLUT
treated tissue (GLUT: 27.10±4.84 μg P / mg dry tissue, NPG: 2.07±0.14 μg P / mg dry
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tissue, p=0.001). This trend was expected, since phosphorous levels are associated with
calcium levels in mineral formation.
The molar ratios of calcium to phosphorous were calculated, which are used as an
indication of mineralization purity within the tissue.

The Ca:P molar ratios were

calculated at 1.68 and 2.06 for NPG and GLUT, respectively. Natural hydroxyapatite
exhibits a molar ratio of 1.67. These data indicate that mineralization in NPG treated
tissue proceeds naturally to form a hydroxyapatite-like material, while the minerals
formed in the GLUT group are more calcium-rich, creating a less pure mineral. Further,
calcium contained in the tissue may have been protected from mineralization.

Figure 4.17. GAG levels following 3 weeks implantation. NPG lost GAGs during
implantation, and was not statistically different from implanted GLUT. NPG did show
excellent stability prior to implantation. *Statistical difference between groups (p<0.05,
n=6).
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Hexosamine levels were also measured in cusps removed after 21 days (Figure
4.17). NPG treated tissue retained more GAGs than GLUT treated tissue, but was not
different at a statistical level due to high variance (GLUT: 77.92±18.86 μg GAGs / 10
mg dry tissue, NPG: 111.15±12.45 μg GAGs / 10 mg dry tissue). In an experimental
oversight, baseline GAG levels were not measured in the same fixation groups. Still, it is
important to note that more GAGs were retained in NPG than GLUT.

A

B

Figure 4.18. Extracellular matrix stability following 3 weeks subdermal implantation.
(A) Elastin and collagen stability. NPG still shows improved stability over GLUT tissue.
*Denotes statistical difference (p<0.05, n=6). (B) Silver stain electrophoresis gel of
enzyme liquids using a 4-15% gradient gel. Lanes: [1] Standard, [2] NPG, [3] NPG
implanted, [4] GLUT, [5] GLUT implanted, [6] Fresh.

Note more extensive

fragmentation in GLUT than NPG, and darker bands in subdermal groups.
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A

B

C

D

Figure 4.19. Histological sections of 3 week implanted tissue. Verhoeff van Giesen’s
elastic stain, which stains elastic fibers black. (A) GLUT, (B) NPG, (C) GLUT elastase,
(D) NPG elastase. Note more black elastin fibers in NPG tissue than GLUT, even
following 3 weeks implantation and elastase treatments.

This demonstrates elastin

stability following implantation.

Half cusp explants were also exposed to elastase and collagenase to evaluate
elastin and collagen stability following exposure to an in vivo environment (Figure 4.18).
The NPG treated tissue exhibited higher elastin stability than GLUT (GLUT: 35.78±2.99
percent weight loss, NPG: 25.25±1.75 percent weight loss, p=0.016). Both of these
groups lost more weight than when in vitro experiments were performed. In contrast,
equivalent collagen stability was observed between NPG and GLUT groups following
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implantation (GLUT: 16.03±2.15 percent weight loss, NPG: 18.72±3.71 percent weight
loss). These results were confirmed histologically using the Verhoeff van Giesen elastic
stain (Figure 4.19). Again, these weight loss percentages are higher than what is seen in
in vitro experiments. This suggests there are additional mechanisms in an in vitro
environment which degrade elastin and collagen. Further possibilities are that small
amounts of neomycin or PGG may leach out of tissue, or crosslinks may be broken,
either of which would lower some of the extracellular matrix stability provided by
crosslinking. Zymography followed by silver stain was used to compare GLUT and NPG
elastase liquids; both implanted and unimplanted liquids were analyzed (Figure 4.18).
GLUT liquids contained smaller protein fragments than NPG, and increased density in
implanted bands indicates increased levels of protein fragmentation.

4.4 Discussion
The main objective in this study was to determine whether previously investigated
elastin stabilization strategies for vascular elastin could be applied to bioprosthetic heart
valve leaflets.

Pentagalloyl glucose (PGG) treatment used in conjunction with

glutaraldehyde crosslinking was hypothesized to stabilize elastin in bioprosthetic heart
valve tissue. This stabilization was evaluated by treating tissue with a range of PGG
concentrations, and measuring resistance to elastase enzyme digestion. The ability to
maintain collagen crosslinking and resistance to enzymatic degradation was confirmed as
well. The potential for PGG to maintain and stabilize glycosaminoglycans (GAGs) in the
tissue was evaluated. Following these combined results, neomycin trisulfate was added
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to further stabilize GAGs in the tissue. This treatment was also analyzed using the
aforementioned methods to determine extracellular matrix stabilization. The effect of
PGG crosslinking on materials properties was evaluated, specifically thermal
denaturation temperature and tensile properties. Finally, an in vivo model was used to
assess the potential to reduce calcification and maintain extracellular matrix when
exposed to enzymatic degradation.
Clinical fixation methods such as glutaraldehyde crosslinking, amino-oleic acid
treatment, and ethanol treatment, focus on stabilizing collagen the inhibition of calcific
mineral formation in vivo.

Efficacy in stabilizing collagen has repeatedly been

demonstrated using collagenase digestion and differential scanning calorimetry to
measure the degree of collagen stabilization. No published claims have been made to
glutaraldehyde treatment or any other treatment’s ability to crosslink and stabilize elastin
in heart valve materials. Likewise, no previous treatments have shown similar elastin
stabilization in bioprosthetic heart valve materials.
The primary mechanism of glutaraldehyde crosslinking utilizes amine
functionalities in collagen. Elastin contains a much lower concentration of amine-based
residues, and therefore may not have sufficient reactive groups to be crosslinked to a
significant degree. This was previously confirmed in vitro by using tritium-labeled
glutaraldehyde in attempts to crosslink pure elastin [15].
Previous attempts have been made to stabilize pure elastin and elastin in porcine
aortic wall using glutaraldehyde by Isenburg, et al [126,180].

In these attempts,

glutaraldehyde crosslinking failed to stabilize elastin against elastase digestion.
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However, the introduction of tannic acid, and later PGG, demonstrated that the use of
polyphenols in conjunction with glutaraldehyde crosslinking shows a marked reduction in
elasteolytic degradation.
Our lab has developed multiple treatments to optimize GAG stability in porcine
heart valve leaflets, including the addition of neomycin [28,123,141,143,144,158,159],
carbodiimide crosslinking to replace glutaraldehyde [28,141-144], and periodate
oxidation [142,145].

When exposed to elastin degrading enzymes, none of these

treatments has shown complete reduction in gravimetrically measured elastin
degradation. Elastin plays a critical role in heart valve mechanics, providing elasticity to
the tissue, and contributing to a low level of hysteresis via links with collagen. Elastin
also contains functional groups which may contribute to calcification in vivo;
stabilization of these functional groups may improve resistance to calcium deposition.
Degradation of elastin is also known to contribute to calcification.
Elastin degradation and elastin-mediated calcification mechanisms are still not
fully understood.
degradation.

Elastin-degrading enzymes likely play a large role in elastin

The presence of matrix metalloproteases (MMPs), which regulate

extracellular matrix remodeling, has been shown to negatively affect elastin degradation
[43,44]. While all elastin degrading enzymes cannot be represented in an in vitro study,
pancreatic elastin is accepted as a model for elasteolytic degradation, similar to the use of
collagenase to study collagen degradation. This method is typically used to demonstrate
elastin stability, but may show different results than the use either of a MMP-based in
vitro model for elastin degradation, or an in vivo model containing native enzyme levels.
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A phenol-specific histology stain was used to verify the presence of PGG binding
to the tissue (Figure 4.5), and was denser in areas of the leaflet which are rich in elastin
fibers. Elastase mediated digestion was used to show that the presence of PGG can
effectively protect leaflet elastin from enzymatic degradation. This result was verified
gravimetrically (Figure 4.1) and histologically (Figure 4.3). Polyphenols such as PGG
have a high affinity for hydrophobic regions; it is therefore thought that they may bind to
the hydrophobic elastase cleavage sites in elastin. This seems to be confirmed due to the
marked reduction in enzyme degradation of elastin.
The incorporation of additional molecules and crosslinking modalities can
negatively affect crosslinking benefits via steric hindrance and competitive binding.
Following the addition of neomycin to PGG and glutaraldehyde treated leaflets, PGG
binding, elastase digestion, and collagenase digestion were reassessed.

PGG

incorporation into the tissue and binding was again verified with a phenol specific
histology stain, and was shown to be concentrated in elastin rich regions of the leaflet.
The addition of neomycin did not show a marked difference in elastase or collagenase
digestion compared to PGG and glutaraldehyde crosslinking, either gravimetrically
(Figure 4.6), histologically (Figure 4.3, Figure 4.7) or using zymography (Figure 4.18).
The addition of neomycin did improve elastase and collagenase resistance to enzyme
digestion when compared to GLUT or fresh tissue, however. This demonstrates that
neomycin does not have a negative effect on elastin stabilization when added to PGG and
glutaraldehyde treatment.
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GAG loss in bioprosthetic heart valves may occur in two phases. First, the tissue
preparation technique has been shown to be critical in maintaining near-physiological
GAG levels in porcine aortic valve leaflets [125]. Though GAGs may be stabilized to
remain in the tissue, they may be lost following implantation due to cyclic fatigue or
enzymatic degradation. Chondroitin sulfate and hyaluronic acid are the two primary
GAG types present in heart valves. Therefore, an in vitro combination of chondroitinase
and hyaluronidase was used to degrade tissue, and evaluate the resistance to enzymemediated GAG loss. Following successful results of this treatment, GAG loss was
evaluated using an in vivo subdermal model in juvenile rats. The accelerated metabolism
in this small scale animal model allows for faster evaluation of materials in an in vivo
environment.
The addition of neomycin was used to enhance stabilization of GAGs. This effect
has previously been shown to be compatible with glutaraldehyde treatment, but never in
the presence of PGG. No negative effect on GAG stabilization was demonstrated by
incorporating neomycin into PGG and glutaraldehyde crosslinking. In fact, synergistic
effects may exist between neomycin and PGG, due to additional functional groups
available for crosslinking. Neomycin is a known hyaluronidase inhibitor with multiple
amine functionalities, while pentagalloyl glucose has multiple phenolic hydroxyl groups.
The presence of multiple functionalities for linkage to proteins presents that a synergistic
effect may exist. GAGs were stabilized in tissue and against enzymatic degradation in
vitro.

This demonstrates that the combination of neomycin and PGG maintains

neomycin’s ability to stabilize GAGs in porcine aortic leaflets.
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Collagen crosslinking of tissue was verified by measuring the collagen thermal
denaturation temperature (Td) of the tissue using differential scanning calorimetry (DSC).
Collagen stability was further measured gravimetrically via collagenase digestion. DSC
involves heating two pans: one empty reference pan, and the other containing small piece
of hydrated tissue. They are heated at a constant rate, and heat flow is measured in the
tissue sample.

The thermal denaturation temperature is found by measuring the

maximum endothermic peak.

This analysis is similar to measuring glass transition

temperatures in polymers. The NPG group exhibited an increased collagen thermal
denaturation temperature over GLUT, indicating that additional crosslinking occurs. This
crosslinking could have provided several different linkage types. Elastin naturally
contains linkages to collagen in heart valves. As elastin is stabilized, these elastincollagen crosslinks exhibit increased stability, explaining the increase in collagen Td.
GLUT treatment already poses good resistance to collagenase digestion, but the NPG
group was shown to perform even better at preventing weight loss due to collagenase
digestion, possibly preventing it altogether. This may be because PGG or neomycin
binds to functionalities present in collagen which are not affected by glutaraldehyde
treatment.
Crosslinking of tissue alters mechanical properties by providing increased bonds
and interactions between extracellular matrix components. The upper elastic modulus is
dominated by collagen interactions, while the lower elastic modulus is dominated by
elastin interactions. For the purpose of this study, the strain at which the transition
between these response occurs is defined as tissue extensibility. Excessive stiffness
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increase has been correlated with decreased durability, while decreased extensibility is
also detrimental.
Lower elastic moduli increased with the addition of neomycin and PGG to GLUT
treated tissue.

This is due to elastin crosslinking since the formation of crosslinks

between elastic fibers can correspond with increased tissue stiffness.

Upper elastic

moduli were altered only in the radial direction, in which stiffness decreased in NPG
tissue. This decrease in stiffness may be beneficial to valve mechanics, and allow the
valve to perform better during opening and closing phases. No significant differences in
tensile stresses and extensibility were observed. This shows that addition of neomycin
and PGG into the treatment does not adversely affect these properties, which is
significant since GLUT is already used clinically.
While the uniaxial tensile model can be used to simply show one-dimensional
biomechanics of valve tissue, the aortic valve is much more complex. Biaxial testing and
further examination of molecular mechanics, while not performed in this study, would
prove beneficial to understanding the crosslinking mechanisms and suitability for aortic
valve material. Additionally, comparison to fresh (untreated) tissue would be important
as another control to determine the effects of NPG crosslinking on valve tissue.
An in vivo subdermal rat model was used to compare mineralization of NPG
treated tissue to GLUT treated tissue.

This model allows accelerated calcification

compared to humans. Both tissues were treated using ethanol preincubation, which
reduces calcification by extracting phospholipids and causing collagen conformational
changes. NPG exhibited much lower calcium and phosphorous levels than GLUT treated
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tissue. Several mechanisms of action may be responsible here. First, GAGs have been
thought to inhibit BHV calcification due to a mechanism as yet unknown [20,158]. This
has been shown by demonstrating calcium levels both when removing GAGs from the
tissue, and covalently binding GAGs within the tissue. Second, PGG may bind to
residues in elastin which normally play a role in BHV calcification. This result is similar
to what was previously observed when using tannic acid and GLUT to stabilize aortic
wall [180].
The in vivo model was also used to characterize extracellular matrix stability by
measuring GAG levels, and stability of elastin and collagen. Following implantation,
increased levels of elastase and collagenase digestion were observed in both NPG and
GLUT treatments, both gravimetrically and histologically. Three mechanisms may be
responsible for this: first, PGG is reversibly bound to the tissue. Second, exposure to
physiological enzyme levels weakens the tissue and increases susceptibility to enzymeinduced degradation. The third possibility is that increased levels of cells and cellular
debris remain attached upon implantation, even after rinsing in saline following removal
from the animal. This would artificially inflate the initial weight; if removed during
enzyme digestion, the weight loss would increase.

No known studies have been

performed following subdermal implantation using elastase digestion or collagenase
digestion, so the increased weight loss relative to in vitro experiments prior to
implantation may be normal.

Zymography analysis of elastase liquids showed that

changes in protein fragmentation patterns did not occur following implantation of the
leaflets in the subdermal model, when compared to elastase liquids of unimplanted tissue
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(Figure 4.18).

GAG levels remained higher in NPG treated tissue, although the

difference was not evident at a statistical level. Baseline GAG levels were not measured
prior to implantation, so there is no baseline to compare in vivo GAG levels to draw
further conclusions. However, the in vivo model did show differences in elastin stability,
collagen stability, and calcification in NPG compared to GLUT.

4.5 Conclusions
The addition of PGG to glutaraldehyde crosslinking results in stabilization of
elastin and further stabilization of collagen to enzymatic degradation. The addition of
neomycin to this treatment enhances the effect, and also increases GAG stability.
Materials properties such as stiffness, tensile strength, and thermal denaturation
temperature were measured, and demonstrated that NPG crosslinking did alter properties
relevant to elastin, but not collagen properties from GLUT treatment. When a subdermal
model was used to demonstrate the effects of physiological enzyme levels, NPG
crosslinking maintained these properties, and also reduced calcification levels.

These

results show that NPG could be an effective tissue treatment for stabilizing all
extracellular matrix components.
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CHAPTER FIVE
CONCLUSIONS AND RECOMMENDATIONS
While they have been in use for decades, durability of bioprosthetic heart valves
remains a concern, contributing to early failure rates and limited patient potential.
Structural deterioration due to both inadequate chemical treatment of tissue and
calcification accumulation in vivo are the primary modes of failure, resulting in most
valves failing with 12-15 years of implantation.

The standard glutaraldehyde

crosslinking treatment stabilizes collagen, but fails to stabilize other extracellular matrix
components. This leads to exacerbation of valve deterioration when collagen damage
occurs. Glutaraldehyde is also implicated in calcification of bioprosthetic heart valves.
For these reasons, alternative fixation methods may improve the durability and functional
lifetime of bioprosthetic heart valve implants.
Two fixation methods have been presented to further stabilize the extracellular
matrix.

Neomycin-mediated carbodiimide crosslinking is intended to stabilize

glycosaminoglycans (GAGs) within the tissue to prevent their loss prior to implantation
and degradation in vivo. Substitution of formalin with isopropanol as a storage solution
aims to maintain properties following storage, and negate the negative effects
formaldehyde has on durability and calcification. GAGs stabilization was shown prior to
implantation and degradation in vitro, as well as following storage and long term
subdermal implantation. This treatment also demonstrated the added benefit of reducing
calcification in a subdermal model. The substitution of formalin with isopropanol for
storage appears to preserve these properties in storage. In addition to stabilizing GAGs,

122

carbodiimide crosslinking induces stabilization of collagen similar to or better than
glutaraldehyde following storage.

However, carbodiimide crosslinking still fails to

stabilize elastin, leaving it open to degradation and subsequent calcification.
Neomycin and pentagalloyl glucose enhanced glutaraldehyde crosslinking aims to
stabilize elastin and GAGs against enzymatic degradation. This was shown in vitro and
in an in vivo subdermal model and also exhibited calcification reduction potential when
compared with tissue treated with glutaraldehyde and ethanol alone. Increased levels of
crosslinking were observed, as evidenced by higher thermal denaturation temperatures
and slight increase in stiffness response in the elastin region. No previous techniques
have attempted elastin crosslinking for heart valve leaflet application, so it is difficult to
determine whether this increase in elastin stiffness will have negative implications in
valve biomechanics and durability without further investigation.
These two treatments pose potential for use in bioprosthetic heart valves, but
more investigation is required to further understand their viability.

Carbodiimide

crosslinking is promising, since it eliminates the use of toxic glutaraldehyde. Evaluation
of more complex biomechanics, long term storage and cyclic fatigue testing are the next
steps towards evaluating neomycin and carbodiimide for heart valve application. In
depth biomechanical analysis, in particular biaxial, could shed light on whether more
optimal biomechanics are exhibited. Longer term storage needs to be performed in order
to evaluate the shelf life for preserving GAGs. Finally, cyclic fatigue testing can evaluate
the functional viability and durability of these heart valve implants.
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Following

appropriate viability determination, a sheep model can be used to evaluate in vivo
functionality and hemocompatibility.
The same studies should be performed for pentagalloyl glucose and neomycin
enhanced glutaraldehyde crosslinked tissues in order to evaluate their viability. To begin,
all chemical treatments should be optimized for concentration and duration of treatment
in order to maximize performance and mechanical properties. In particular, more in
depth analysis of biomechanics, and the effect of stabilizing all extracellular matrix
components on biomechanics needs to be evaluated. Following previous models, it
would be beneficial to examine resistance to buckling, hysteresis, and the performance in
biaxial testing.

Microstructure evaluation using scanning or tunneling electron

microscopy may help show what changes actually occur to the tissue. Further evaluation
into which order of fixation provides optimal stability and mechanical properties would
also be beneficial, as well as demonstrating any reversibility in PGG binding.
Pentagalloyl glucose shows promising ability to reduce elastin degradation; further
studies should be performed to elucidate any dependence on glutaraldehyde, and if
possible, investigate its use in alternative fixation modalities.
To summarize, two methods for stabilizing extracellular matrix components in
bioprosthetic heart valves have been evaluated, but studies have mostly been limited to
biochemical analysis including resistance to enzymes and calcification reduction. More
in depth analysis of the biomechanical effects of these fixation methods needs to be
examined, and further investigation into the implications of stabilization on valve
durability.

124

REFERENCES

1. Guyton AC HJ. Textbook of medical physiology. 11th ed. Philadelphia, PA: El Sevier
Saunders, 2006.
2. Sacks MS, Yoganathan AP. Heart valve function: a biomechanical perspective. Philos
Trans R Soc Lond B Biol Sci 2007;362:1369-1391.
3. Shier D, Butler J, Lewis R. Hole’s human anatomy & physiology
. 11th ed. New York, NY: McGraw Hill, 2007.
4. Cabin HS. The heart and circulation. In: Zaret BL, Moser M, Cohen LS, editors. Yale
University School of Medicine Heart BookNew York, NY: Hearts Books, 1992. p. 3-9.
5. http://wwwp.medtronic.com/newsroom/content/1262964226299.jpg. Melody
Transcatheter Pulmonary Valve. ;June 13, 2012.
6. Vesely I. The role of elastin in aortic valve mechanics. J Biomech 1998;31:115-123.
7. Schoen FJ, Levy RJ. Founder's Award, 25th Annual Meeting of the Society for
Biomaterials, perspectives. Providence, RI, April 28-May 2, 1999. Tissue heart valves:
current challenges and future research perspectives. J Biomed Mater Res 1999;47:439465.
8. Simionescu DT. Artificial heart valves. In: Akay M, editor. Wiley Encyclopedia of
Biomedical Engineering: John Wiley & Sons, Inc, 2006. p. 1-10.
9. Martini FH, Ober WC, Garrison CW, Welch K, Hutchings RT. Fundamentals of
anatomy & physiology. 5th ed. Upper Saddle River, NJ: Prentice Hall, 2001.
10. Schoen FJ. Cardiac valves and valvular pathology: update on function, disease,
repair, and replacement. Cardiovasc Pathol 2005;14:189-194.
11. Gacko M. Elastin: Structure, Properties and Metabolism. CELL MOL BIOL LETT
2000;5:327-348.
12. Bhattacharjee A, Bansal M. Collagen structure: the Madras triple helix and the
current scenario. IUBMB Life 2005;57:161-172.
13. Grande-Allen KJ, Osman N, Ballinger ML, Dadlani H, Marasco S, Little PJ.
Glycosaminoglycan synthesis and structure as targets for the prevention of calcific aortic
valve disease. Cardiovasc Res 2007;76:19-28.

125

References (Continued)
14. Scott M, Vesely I. Aortic valve cusp microstructure: the role of elastin. Ann Thorac
Surg 1995;60:S391-4.
15. Vyavahare N, Ogle M, Schoen FJ, Levy RJ. Elastin calcification and its prevention
with aluminum chloride pretreatment. Am J Pathol 1999;155:973-982.
16. Eriksen HA, Satta J, Risteli J, Veijola M, Vare P, Soini Y. Type I and type III
collagen synthesis and composition in the valve matrix in aortic valve stenosis.
Atherosclerosis 2006;189:91-98.
17. Orgel JPRO, Irving TC, Miller A, Wess TJ. Microfibrillar structure of type I collagen
in situ. Proceedings of the National Academy of Sciences 2006;103:9001-9005.
18. Balguid A, Rubbens MP, Mol A, Bank RA, Bogers AJ, van Kats JP, de Mol BA,
Baaijens FP, Bouten CV. The role of collagen cross-links in biomechanical behavior of
human aortic heart valve leaflets--relevance for tissue engineering. Tissue Eng
2007;13:1501-1511.
19. Ellis R, Green E, Winlove CP. Structural analysis of glycosaminoglycans and
proteoglycans by means of Raman microspectrometry. Connect Tissue Res 2009;50:2936.
20. Lovekamp JJ, Simionescu DT, Mercuri JJ, Zubiate B, Sacks MS, Vyavahare NR.
Stability and function of glycosaminoglycans in porcine bioprosthetic heart valves.
Biomaterials 2006;27:1507-1518.
21. Grande-Allen KJ, Mako WJ, Calabro A, Shi Y, Ratliff NB, Vesely I. Loss of
chondroitin 6-sulfate and hyaluronan from failed porcine bioprosthetic valves. J Biomed
Mater Res A 2003;65:251-259.
22. Lehmann S, Walther T, Kempfert J, Rastan A, Garbade J, Dhein S, Mohr FW.
Mechanical strain and the aortic valve: influence on fibroblasts, extracellular matrix, and
potential stenosis. Ann Thorac Surg 2009;88:1476-1483.
23. Simionescu DT, Lovekamp JJ, Vyavahare NR. Glycosaminoglycan-degrading
enzymes in porcine aortic heart valves: implications for bioprosthetic heart valve
degeneration. J Heart Valve Dis 2003;12:217-225.
24. Cotran RS, Kumar V, Collins T. Robbins pathologic basis of disease
. 6th ed. Philadelphia, PA: W.B. Saounders, 1999.

126

References (Continued)
25. Flanagan TC, Pandit A. Living artificial heart valve alternatives: a review. Eur Cell
Mater 2003;6:28-45; discussion 45.
26. Mulholland DL, Gotlieb AI. Cardiac valve interstitial cells: Regulator of valve
structure and function. Cardiovasc Pathol 1997;6:167-174.
27. Sacks MS, David Merryman W, Schmidt DE. On the biomechanics of heart valve
function. J Biomech 2009;42:1804-1824.
28. Raghavan D, Starcher BC, Vyavahare NR. Neomycin binding preserves extracellular
matrix in bioprosthetic heart valves during in vitro cyclic fatigue and storage. Acta
Biomater 2009;5:983-992.
29. Stella JA, Sacks MS. On the biaxial mechanical properties of the layers of the aortic
valve leaflet. J Biomech Eng 2007;129:757-766.
30. Hascall VC, Calabro A, Midura RJ, Yanagishita M. Isolation and characterization of
proteoglycans. Methods Enzymol 1994;230:390-417.
31. Rosenberg L, Hellmann W, Kleinschmidt AK. Electron microscopic studies of
proteoglycan aggregates from bovine articular cartilage. J Biol Chem 1975;250:18771883.
32. Heinegard D. Proteoglycans and more--from molecules to biology. Int J Exp Pathol
2009;90:575-586.
33. Dudhia J. Aggrecan, aging and assembly in articular cartilage. Cell Mol Life Sci
2005;62:2241-2256.
34. Meechai N, Jamieson AM, Blackwell J, Carrino DA. Nonlinear viscoelasticity of
concentrated solutions of aggrecan aggregate. Biomacromolecules 2001;2:780-787.
35. Nishimura M, Yan W, Mukudai Y, Nakamura S, Nakamasu K, Kawata M,
Kawamoto T, Noshiro M, Hamada T, Kato Y. Role of chondroitin sulfate-hyaluronan
interactions in the viscoelastic properties of extracellular matrices and fluids. Biochim
Biophys Acta 1998;1380:1-9.
36. Yannis IV. Natural materials. In: Ratner B, Bankman I, editors. Biomedical
Engineering Desk Reference. 1st ed. Oxford, UK: Elsevier, 2009. p. 219-230.
37. Ghorpade A, Baxter BT. Biochemistry and molecular regulation of matrix
macromolecules in abdominal aortic aneurysms. Ann N Y Acad Sci 1996;800:138-150.

127

References (Continued)
38. Patel A, Fine B, Sandig M, Mequanint K. Elastin biosynthesis: The missing link in
tissue-engineered blood vessels. Cardiovascular Research 2006;71:40-49.
39. Debelle L, Alix AJ, Wei SM, Jacob MP, Huvenne JP, Berjot M, Legrand P. The
secondary structure and architecture of human elastin. Eur J Biochem 1998;258:533-539.
40. Lee TC, Midura RJ, Hascall VC, Vesely I. The effect of elastin damage on the
mechanics of the aortic valve. J Biomech 2001;34:203-210.
41. Rucker RB. Calcium binding to elastin. Adv Exp Med Biol 1974;48:185-209.
42. Rucker RB, Ford D, Riemann WG, Tom K. Additional evidence for the binding of
calcium ions to elastin at neutral sites. Calcif Tissue Res 1974;14:317-325.
43. Bailey MT, Pillarisetti S, Xiao H, Vyavahare NR. Role of elastin in pathologic
calcification of xenograft heart valves. J Biomed Mater Res A 2003;66:93-102.
44. Bailey M, Pillarisetti S, Jones P, Xiao H, Simionescu D, Vyavahare N. Involvement
of matrix metalloproteinases and tenascin-C in elastin calcification. Cardiovasc Pathol
2004;13:146-155.
45. Simionescu DT, Lovekamp JJ, Vyavahare NR. Extracellular matrix degrading
enzymes are active in porcine stentless aortic bioprosthetic heart valves. J Biomed Mater
Res A 2003;66:755-763.
46. Loftus IM, Thompson MM. The role of matrix metalloproteinases in vascular disease.
Vasc Med 2002;7:117-133.
47. Vyavahare N, Jones PL, Tallapragada S, Levy RJ. Inhibition of matrix
metalloproteinase activity attenuates tenascin-C production and calcification of implanted
purified elastin in rats. Am J Pathol 2000;157:885-893.
48. Perrotta I, Russo E, Camastra C, Filice G, Di Mizio G, Colosimo F, Ricci P, Tripepi
S, Amorosi A, Triumbari F, Donato G. New evidence for a critical role of elastin in
calcification of native heart valves: immunohistochemical and ultrastructural study with
literature review. Histopathology 2011;59:504-513.
49. Lloyd-Jones D, et al. Heart Disease and Stroke Statistics—2010 Update. Circulation
2010;121:e46-e215.
50. Akat K, Borggrefe M, Kaden JJ. Aortic valve calcification: basic science to clinical
practice. Heart 2009;95:616-623.

128

References (Continued)
51. Weska RF, Aimoli CG, Nogueira GM, Leirner AA, Maizato MJ, Higa OZ,
Polakievicz B, Pitombo RN, Beppu MM. Natural and prosthetic heart valve calcification:
morphology and chemical composition characterization. Artif Organs 2010;34:311-318.
52. Lee WJ, Son CW, Yoon JC, Jo HS, Son JW, Park KH, Lee SH, Shin DG, Hong GR,
Park JS, Kim YJ. Massive left atrial calcification associated with mitral valve
replacement. J Cardiovasc Ultrasound 2010;18:151-153.
53. O'Brien KD. Pathogenesis of calcific aortic valve disease: a disease process comes of
age (and a good deal more). Arterioscler Thromb Vasc Biol 2006;26:1721-1728.
54. Freeman RV, Otto CM. Spectrum of calcific aortic valve disease: pathogenesis,
disease progression, and treatment strategies. Circulation 2005;111:3316-3326.
55. Piazza N, Lange R, Martucci G, Serruys PW. Patient selection for transcatheter aortic
valve implantation: Patient risk profile and anatomical selection criteria. Archives of
Cardiovascular Diseases 2012;105:165-173.
56. Li C, Xu S, Gotlieb AI. The response to valve injury. A paradigm to understand the
pathogenesis of heart valve disease. Cardiovascular Pathology 2011;20:183-190.
57. Siu SC, Silversides CK. Bicuspid aortic valve disease. J Am Coll Cardiol
2010;55:2789-2800.
58. Que YA, Moreillon P. Infective endocarditis. Nat Rev Cardiol 2011;8:322-336.
59. El-Ahdab F, Benjamin DK,Jr, Wang A, Cabell CH, Chu VH, Stryjewski ME, Corey
GR, Sexton DJ, Reller LB, Fowler VG,Jr. Risk of endocarditis among patients with
prosthetic valves and Staphylococcus aureus bacteremia. Am J Med 2005;118:225-229.
60. Giessel BE, Koenig CJ, Blake RL. Management of bacterial endocarditis. Am Fam
Physician 2000;61:1725-1732.
61. GRIFFIN FM, JONES G, COBBS CG. Aortic Insufficiency in Bacterial Endocarditis.
Annals of Internal Medicine 1972;76:23-28.
62. Jegatheeswaran A, Butany J. Pathology of infectious and inflammatory diseases in
prosthetic heart valves. Cardiovasc Pathol 2006;15:252-255.
63. Guilherme L, Ramasawmy R, Kalil J. Rheumatic fever and rheumatic heart disease:
genetics and pathogenesis. Scand J Immunol 2007;66:199-207.

129

References (Continued)
64. Guilherme L, Kalil J. Rheumatic fever: from innate to acquired immune response.
Ann N Y Acad Sci 2007;1107:426-433.
65. Guilherme L, Kalil J. Rheumatic fever and rheumatic heart disease: cellular
mechanisms leading autoimmune reactivity and disease. J Clin Immunol 2010;30:17-23.
66. Baasanjav S, Al-Gazali L, Hashiguchi T, Mizumoto S, Fischer B, Horn D, Seelow D,
Ali BR, Aziz SA, Langer R, Saleh AA, Becker C, Nurnberg G, Cantagrel V, Gleeson JG,
Gomez D, Michel JB, Stricker S, Lindner TH, Nurnberg P, Sugahara K, Mundlos S,
Hoffmann K. Faulty initiation of proteoglycan synthesis causes cardiac and joint defects.
Am J Hum Genet 2011;89:15-27.
67. Olivier C. Rheumatic fever--is it still a problem? J Antimicrob Chemother 2000;45
Suppl:13-21.
68. Becker AE. Acquired heart valve pathology. An update for the millennium. Herz
1998;23:415-419.
69. Maganti K, Rigolin VH, Sarano ME, Bonow RO. Valvular Heart Disease: Diagnosis
and Management. Mayo Clin Proc 2010;85:483-500.
70. Simionescu A, Simionescu DT, Vyavahare NR. Osteogenic responses in fibroblasts
activated by elastin degradation products and transforming growth factor-beta1: role of
myofibroblasts in vascular calcification. Am J Pathol 2007;171:116-123.
71. Liu AC, Joag VR, Gotlieb AI. The emerging role of valve interstitial cell phenotypes
in regulating heart valve pathobiology. Am J Pathol 2007;171:1407-1418.
72. Gott VL, Alejo DE, Cameron DE. Mechanical heart valves: 50 years of evolution.
Ann Thorac Surg 2003;76:S2230-9.
73. Bahnson HT, Spencer FC, Busse EF, Davis FW. Cusp Replacement and Coronary
Artery Perfusion in Open Operations on the Aortic Valve. Ann Surg 1960;152:494-503.
74. Zilla P, Brink J, Human P, Bezuidenhout D. Prosthetic heart valves: catering for the
few. Biomaterials 2008;29:385-406.
75. Chiam PT, Ruiz CE. Percutaneous transcatheter aortic valve implantation: Evolution
of the technology. Am Heart J 2009;157:229-242.

130

References (Continued)
76. Fann JI, Chronos N, Rowe SJ, Michiels R, Lyons BE, Leon MB, Kaplan AV.
Evolving strategies for the treatment of valvular heart disease: Preclinical and clinical
pathways for percutaneous aortic valve replacement. Catheter Cardiovasc Interv
2008;71:434-440.
77. Ghanbari H, Viatge H, Kidane AG, Burriesci G, Tavakoli M, Seifalian AM.
Polymeric heart valves: new materials, emerging hopes. Trends Biotechnol 2009;27:359367.
78. Kidane AG, Burriesci G, Cornejo P, Dooley A, Sarkar S, Bonhoeffer P, Edirisinghe
M, Seifalian AM. Current developments and future prospects for heart valve replacement
therapy. J Biomed Mater Res B Appl Biomater 2009;88:290-303.
79. Venkatraman S, Boey F, Lao LL. Implanted cardiovascular polymers: Natural,
synthetic and bio-inspired. Progress in Polymer Science 2008;33:853-874.
80. Zeltinger J, Landeen LK, Alexander HG, Kidd ID, Sibanda B. Development and
characterization of tissue-engineered aortic valves. Tissue Eng 2001;7:9-22.
81. Pibarot P, Dumesnil JG. Prosthetic heart valves: selection of the optimal prosthesis
and long-term management. Circulation 2009;119:1034-1048.
82. Bachraoui K, Darghouth B, Haddad W, Saaidi I, Ben Halima A, Sdiri W, Selmi K,
Makni H, Mokaddem A, Boujnah MR. Pregnancy in patients with prosthetic heart valves.
Tunis Med 2003;81 Suppl 8:613-616.
83. Khamooshi AJ, Kashfi F, Hoseini S, Tabatabaei MB, Javadpour H, Noohi F.
Anticoagulation for prosthetic heart valves in pregnancy. Is there an answer? Asian
Cardiovasc Thorac Ann 2007;15:493-496.
84. Sillesen M, Hjortdal V, Vejlstrup N, Sorensen K. Pregnancy with prosthetic heart
valves - 30 years' nationwide experience in Denmark. Eur J Cardiothorac Surg
2011;40:448-454.
85. Jonkaitiene R, Benetis R, Eidukaityte R. Management of patients with prosthetic
heart valves. Medicina (Kaunas) 2005;41:553-560.
86. Vink R, Van Den Brink RB, Levi M. Management of anticoagulant therapy for
patients with prosthetic heart valves or atrial fibrillation. Hematology 2004;9:1-9.

131

References (Continued)
87. Alsoufi B, Manlhiot C, McCrindle BW, Canver CC, Sallehuddin A, Al-Oufi S,
Joufan M, Al-Halees Z. Aortic and mitral valve replacement in children: is there any role
for biologic and bioprosthetic substitutes? Eur J Cardiothorac Surg 2009;36:84-90;
discussion 90.
88. Sako EY. Newer concepts in the surgical treatment of valvular heart disease. Curr
Cardiol Rep 2004;6:100-105.
89. Harken DE, Taylor WJ, Lefemine AA, Lunzer S, Low HB, Cohen ML, Jacobey JA.
Aortic valve replacement with a caged ball valve. Am J Cardiol 1962;9:292-299.
90. Calisi P, Griffo R. Anticoagulation in patients with heart valve prosthesis. Monaldi
Arch Chest Dis 2002;58:121-127.
91. DeWall RA, Qasim N, Carr L. Evolution of mechanical heart valves. Ann Thorac
Surg 2000;69:1612-1621.
92. Frater RW. The development of the Starr-Edwards heart valve. Tex Heart Inst J
1999;26:99.
93. Matthews AM. The development of the Starr-Edwards heart valve. Tex Heart Inst J
1998;25:282-293.
94. Blot WJ, Ibrahim MA, Ivey TD, Acheson DE, Brookmeyer R, Weyman A, Defauw J,
Smith JK, Harrison D. Twenty-Five–Year Experience With the Björk-Shiley
Convexoconcave Heart Valve. Circulation 2005;111:2850-2857.
95. Butany J, Collins MJ. Analysis of prosthetic cardiac devices: a guide for the
practising pathologist. Journal of Clinical Pathology 2005;58:113-124.
96. Bjork VO. Aortic valve replacement with the Bjork-Shiley tilting disc valve
prosthesis. Br Heart J 1971;33:Suppl:42-6.
97. Cervantes J. 50th Anniversary of the First Aortic Valve Implantation. Arch Cardiol
Mex 2002;72:187-191.
98. Bjork VO. Development of mechanical heart valves: past, present and future. Can J
Cardiol 1989;5:64-73.
99. Aris A, Igual A, Padro JM, Burgos R, Vallejo JL, Rabasa JM, Llorens R, Casares J.
The Spanish Monostrut Study Group: a ten-year experience with 8,599 implants. Ann
Thorac Surg 1996;62:40-47.

132

References (Continued)
100. Desai ND, Christakis GT. Stented mechanical / bioprosthetic aortic valve
replacement. In: Cohn LH, Edmunds LHJ, editors. Cardiac Surgery in the AdultNew
York: McGraw-Hill, 2003. p. 825-855.
101. Butchart EG, Li HH, Payne N, Buchan K, Grunkemeier GL. Twenty years'
experience with the Medtronic Hall valve. J Thorac Cardiovasc Surg 2001;121:10901100.
102. Ayala I, Altieri PI, Defendini E, Banch H, Gonzalez R. Eleven years experience
with the Medtronic Hall Valve. Bol Asoc Med P R 1998;90:113-116.
103. Hall KV. Surgical considerations for avoiding disc interference based on a ten-year
experience with the Medtronic Hall heart valve. J Card Surg 1988;3:103-108.
104. Nitter-Hauge S, Abdelnoor M. Ten-year experience with the Medtronic Hall
valvular prosthesis. A study of 1,104 patients. Circulation 1989;80:I43-8.
105. Laas J, Kleine P, Hasenkam MJ, Nygaard H. Orientation of tilting disc and bileaflet
aortic valve substitutes for optimal hemodynamics. Ann Thorac Surg 1999;68:10961099.
106. Dasi LP, Simon HA, Sucosky P, Yoganathan AP. Fluid mechanics of artificial heart
valves. Clin Exp Pharmacol Physiol 2009;36:225-237.
107. Gott VL, Daggett RL, Young WP. Development of a carbon-coated, central-hinging,
bileaflet valve. Ann Thorac Surg 1989;48:S28-30.
108. Lillehei CW, Nakib A, Kaster RL, Kalke BR, Rees JR. The origin and development
of three new mechanical valve designs: toroidal disc, pivoting disc, and rigid bileaflet
cardiac prostheses. Ann Thorac Surg 1989;48:S35-7.
109. Gillinov AM, Blackstone EH, Alster JM, Craver JM, Baumgartner WA, Brewster
SA, Kleinman LH, Smedira NG. The Carbomedics Top Hat supraannular aortic valve: a
multicenter study. Ann Thorac Surg 2003;75:1175-1180.
110. Arom KV, Nicoloff DM, Kersten TE, Northrup WF,3rd, Lindsay WG, Emery RW.
Ten years' experience with the St. Jude Medical valve prosthesis. Ann Thorac Surg
1989;47:831-837.
111. Arom KV, Nicoloff DM, Kersten TE, Northrup WF,3rd, Lindsay WG, Emery RW.
Ten-year follow-up study of patients who had double valve replacement with the St. Jude
Medical prosthesis. J Thorac Cardiovasc Surg 1989;98:1008-15; discussion 1015-6.

133

References (Continued)
112. Emery RW, Arom KV, Kshettry VR, Kroshus TJ, Von R, Kersten TE, Lillehei TJ,
Nicoloff DM, Erickson CA. Decision-making in the choice of heart valve for replacement
in patients aged 60-70 years: twenty-year follow up of the St. Jude Medical aortic valve
prosthesis. J Heart Valve Dis 2002;11 Suppl 1:S37-44.
113. Driever R, Fuchs S, Meissner M, Schmitz E, Vetter HO. The Edwards MIRA heart
valve prosthesis: a 2-year study. J Card Surg 2004;19:226-231.
114. De Feo M, Renzulli A, Onorati F, Della Corte A, Dialetto G, Covino FE, Cotrufo M.
Initial clinical and hemodynamic experience with Edwards MIRA mechanical bileaflet
valve. J Cardiovasc Surg (Torino) 2003;44:25-30.
115. Reul H, Schmitz C, Pfaff EM, Hohlstein C, Schmidt PA, Rau G, Arru P. In-vitro
assessment of the wear development mechanism and stabilization of wear in the Edwards
MIRA/Sorin Bicarbon mechanical heart valve orifice ring. J Heart Valve Dis
2002;11:409-18; discussion 418.
116. http://www.medtronic.com/patients/heart-valve-disease/about-surgery/our-heartvalve-products/open-pivot-aortic-valved-graft/index.htm. Medtronic Open Pivot Aortic
Valved Graft. May 9, 2011;June 13, 2012.
117. Siddiqui RF, Abraham JR, Butany J. Bioprosthetic heart valves: modes of failure.
Histopathology 2009;55:135-144.
118. Johansen P. Mechanical heart valve cavitation. Expert Rev Med Devices 2004;1:95104.
119. Dainese L, Barili F, Topkara VK, Cheema FH, Formato M, Aljaber E, Fusari M,
Micheli B, Guarino A, Biglioli P, Polvani G. Effect of cryopreservation techniques on
aortic valve glycosaminoglycans. Artif Organs 2006;30:259-264.
120. Schenke-Layland K, Madershahian N, Riemann I, Starcher B, Halbhuber KJ, Konig
K, Stock UA. Impact of cryopreservation on extracellular matrix structures of heart valve
leaflets. Ann Thorac Surg 2006;81:918-926.
121. Burkert J, Krs O, Vojacek J, Mokracek A, Slizova D, Hlubocky J, Kobylka P,
Spatenka J. Cryopreserved semilunar heart valve allografts: leaflet surface damage in
scanning electron microscopy. Zentralbl Chir 2008;133:367-373.
122. Vesely I. The evolution of bioprosthetic heart valve design and its impact on
durability. Cardiovasc Pathol 2003;12:277-286.

134

References (Continued)
123. Munnelly AE, Cochrane L, Leong J, Vyavahare NR. Porcine vena cava as an
alternative to bovine pericardium in bioprosthetic percutaneous heart valves. Biomaterials
2012;33:1-8.
124. Vyavahare N, Ogle M, Schoen FJ, Zand R, Gloeckner DC, Sacks M, Levy RJ.
Mechanisms of bioprosthetic heart valve failure: fatigue causes collagen denaturation and
glycosaminoglycan loss. J Biomed Mater Res 1999;46:44-50.
125. Simionescu DT, Lovekamp JJ, Vyavahare NR. Degeneration of bioprosthetic heart
valve cusp and wall tissues is initiated during tissue preparation: an ultrastructural study.
J Heart Valve Dis 2003;12:226-234.
126. Isenburg JC, Simionescu DT, Vyavahare NR. Elastin stabilization in cardiovascular
implants: improved resistance to enzymatic degradation by treatment with tannic acid.
Biomaterials 2004;25:3293-3302.
127. Butany J, Fayet C, Ahluwalia MS, Blit P, Ahn C, Munroe C, Israel N, Cusimano RJ,
Leask RL. Biological replacement heart valves. Identification and evaluation. Cardiovasc
Pathol 2003;12:119-139.
128. Crick SJ, Sheppard MN, Ho SY, Gebstein L, Anderson RH. Anatomy of the pig
heart: comparisons with normal human cardiac structure. J Anat 1998;193 ( Pt 1):105119.
129. Hoffmann G, Lutter G, Cremer J. Durability of bioprosthetic cardiac valves. Dtsch
Arztebl Int 2008;105:143-148.
130. Khor E. Methods for the treatment of collagenous tissues for bioprostheses.
Biomaterials 1997;18:95-105.
131. Broom N, Christie GW. The structure/function relationship of fresh and
glutaraldehyde-fixed aortic valve leaflets. In: Cohn LH, Gallucci V, editors. Cardiac
bioprostheses: proceedings of the Second International Symposium. 1st ed. Yorke
Medical Books: New York, 1982. p. 476-491.
132. Chanda J, Kuribayashi R, Abe T. Prevention of calcification in glutaraldehydetreated porcine aortic and pulmonary valves. Ann Thorac Surg 1997;64:1063-1066.
133. Vyavahare N, Hirsch D, Lerner E, Baskin JZ, Schoen FJ, Bianco R, Kruth HS, Zand
R, Levy RJ. Prevention of bioprosthetic heart valve calcification by ethanol
preincubation. Efficacy and mechanisms. Circulation 1997;95:479-488.

135

References (Continued)
134. Bianco RW, Phillips R, Mrachek J, Witson J. Feasibility evaluation of a new
pericardial bioprosthesis with dye mediated photo-oxidized bovine pericardial tissue. J
Heart Valve Dis 1996;5:317-322.
135. Connolly JM, Alferiev I, Clark-Gruel JN, Eidelman N, Sacks M, Palmatory E,
Kronsteiner A, Defelice S, Xu J, Ohri R, Narula N, Vyavahare N, Levy RJ.
Triglycidylamine crosslinking of porcine aortic valve cusps or bovine pericardium results
in improved biocompatibility, biomechanics, and calcification resistance: chemical and
biological mechanisms. Am J Pathol 2005;166:1-13.
136. Vasudev SC, Chandy T, Umasankar MM, Sharma CP. Inhibition of bioprosthesis
calcification due to synergistic effect of Fe/Mg ions to polyethylene glycol grafted bovine
pericardium. J Biomater Appl 2001;16:93-107.
137. Vasudev SC, Chandy T. Polyethylene glycol-grafted bovine pericardium: a novel
hybrid tissue resistant to calcification. J Mater Sci Mater Med 1999;10:121-128.
138. Zhai W, Lu X, Chang J, Zhou Y, Zhang H. Quercetin-crosslinked porcine heart
valve matrix: mechanical properties, stability, anticalcification and cytocompatibility.
Acta Biomater 2010;6:389-395.
139. Everaerts F, Torrianni M, van Luyn M, van Wachem P, Feijen J, Hendriks M.
Reduced calcification of bioprostheses, cross-linked via an improved carbodiimide based
method. Biomaterials 2004;25:5523-5530.
140. Everaerts F, Gillissen M, Torrianni M, Zilla P, Human P, Hendriks M, Feijen J.
Reduction of calcification of carbodiimide-processed heart valve tissue by prior blocking
of amine groups with monoaldehydes. J Heart Valve Dis 2006;15:269-277.
141. Raghavan D, Simionescu DT, Vyavahare NR. Neomycin prevents enzyme-mediated
glycosaminoglycan degradation in bioprosthetic heart valves. Biomaterials
2007;28:2861-2868.
142. Mercuri JJ, Lovekamp JJ, Simionescu DT, Vyavahare NR. Glycosaminoglycantargeted fixation for improved bioprosthetic heart valve stabilization. Biomaterials
2007;28:496-503.
143. Shah SR, Vyavahare NR. The effect of glycosaminoglycan stabilization on tissue
buckling in bioprosthetic heart valves. Biomaterials 2008;29:1645-1653.

136

References (Continued)
144. Leong J, Munnelly A, Liberio B, Cochrane L, Vyavahare N. Neomycin and
carbodiimide crosslinking as an alternative to glutaraldehyde for enhanced durability of
bioprosthetic heart valves. J Biomater Appl 2011.
145. Lovekamp J, Vyavahare N. Periodate-mediated glycosaminoglycan stabilization in
bioprosthetic heart valves. J Biomed Mater Res 2001;56:478-486.
146. Meuris B, Phillips R, Moore MA, Flameng W. Porcine stentless bioprostheses:
prevention of aortic wall calcification by dye-mediated photo-oxidation. Artif Organs
2003;27:537-543.
147. Vyavahare NR, Hirsch D, Lerner E, Baskin JZ, Zand R, Schoen FJ, Levy RJ.
Prevention of calcification of glutaraldehyde-crosslinked porcine aortic cusps by ethanol
preincubation: mechanistic studies of protein structure and water-biomaterial
relationships. J Biomed Mater Res 1998;40:577-585.
148. Butany J, Feng T, Luk A, Law K, Suri R, Nair V. Modes of failure in explanted
mitroflow pericardial valves. Ann Thorac Surg 2011;92:1621-1627.
149. Sacks MS. The biomechanical effects of fatigue on the porcine bioprosthetic heart
valve. J Long Term Eff Med Implants 2001;11:231-247.
150. Vongpatanasin W, Hillis LD, Lange RA. Prosthetic heart valves. N Engl J Med
1996;335:407-416.
151. Farhat F, Durand M, Delahaye F, Jegaden O. Prosthetic valve sewing-ring sealing
with antibiotic and fibrin glue in infective endocarditis. A prospective clinical study.
Interact Cardiovasc Thorac Surg 2007;6:16-20.
152. Lepidi H, Casalta JP, Fournier PE, Habib G, Collart F, Raoult D. Quantitative
histological examination of bioprosthetic heart valves. Clin Infect Dis 2006;42:590-596.
153. Irving CA, Kelly D, Gould FK, O'Sullivan JJ. Successful medical treatment of
bioprosthetic pulmonary valve endocarditis caused by methicillin-resistant
Staphylococcus aureus. Pediatr Cardiol 2010;31:553-555.
154. McAllister RG, Samet J, Mazzoleni A, Dillon ML. Endocarditis on Prosthetic Mitral
Valves: Fatal Obstruction to Left Ventricular Inflow. Chest 1974;66:682-686.
155. Zilla P, Human P, Bezuidenhout D. Bioprosthetic heart valves: the need for a
quantum leap. Biotechnol Appl Biochem 2004;40:57-66.

137

References (Continued)
156. Beauchesne LM, Veinot JP, Higginson LA, Mesana T. Severe aortic insufficiency
secondary to an aortic bioprosthesis tear. Cardiovasc Pathol 2004;13:165-167.
157. Schoen FJ, Levy RJ. Calcification of tissue heart valve substitutes: progress toward
understanding and prevention. Ann Thorac Surg 2005;79:1072-1080.
158. Raghavan D, Shah SR, Vyavahare NR. Neomycin fixation followed by ethanol
pretreatment leads to reduced buckling and inhibition of calcification in bioprosthetic
valves. J Biomed Mater Res B Appl Biomater 2010;92:168-177.
159. Friebe VM, Mikulis B, Kole S, Ruffing CS, Sacks MS, Vyavahare NR. Neomycin
enhances extracellular matrix stability of glutaraldehyde crosslinked bioprosthetic heart
valves. J Biomed Mater Res B Appl Biomater 2011;99:217-229.
160. Purinya B, Kasyanov V, Volkolakov J, Latsis R, Tetere G. Biomechanical and
structural properties of the explanted bioprosthetic valve leaflets. J Biomech 1994;27:111.
161. Schoen FJ. Aortic valve structure-function correlations: role of elastic fibers no
longer a stretch of the imagination. J Heart Valve Dis 1997;6:1-6.
162. Strates B, Lian JB, Nimni ME. Calcification in cardiovascular tissues and
bioprostheses. In: Nimni ME, editor. Collagen. Volume II, Biotechnology ed. Bova
Rotan, FL: CRC Press, 1989. p. 274-292.
163. Mirnajafi A, Zubiate B, Sacks MS. Effects of cyclic flexural fatigue on porcine
bioprosthetic heart valve heterograft biomaterials. J Biomed Mater Res A 2010;94:205213.
164. Erdmann E, Schwinger RH, Beuckelmann D, Bohm M. Altered calcium
homeostasis in chronic heart failure. Z Kardiol 1996;85 Suppl 6:123-128.
165. Li L, van Breemen C. Na(+)-Ca2+ exchange in intact endothelium of rabbit cardiac
valve. Circ Res 1995;76:396-404.
166. Levy RJ, Schoen FJ, Flowers WB, Staelin ST. Initiation of mineralization in
bioprosthetic heart valves: studies of alkaline phosphatase activity and its inhibition by
AlCl3 or FeCl3 preincubations. J Biomed Mater Res 1991;25:905-935.
167. Jorge-Herrero E, Fernandez P, Gutierrez M, Castillo-Olivares JL. Study of the
calcification of bovine pericardium: analysis of the implication of lipids and
proteoglycans. Biomaterials 1991;12:683-689.

138

References (Continued)
168. Englert C, Blunk T, Muller R, von Glasser SS, Baumer J, Fierlbeck J, Heid IM,
Nerlich M, Hammer J. Bonding of articular cartilage using a combination of biochemical
degradation and surface cross-linking. Arthritis Res Ther 2007;9:R47.
169. Basalyga DM, Simionescu DT, Xiong W, Baxter BT, Starcher BC, Vyavahare NR.
Elastin degradation and calcification in an abdominal aorta injury model: role of matrix
metalloproteinases. Circulation 2004;110:3480-3487.
170. Bailey M, Xiao H, Ogle M, Vyavahare N. Aluminum chloride pretreatment of
elastin inhibits elastolysis by matrix metalloproteinases and leads to inhibition of elastinoriented calcification. Am J Pathol 2001;159:1981-1986.
171. Nagase H, Woessner JF,Jr. Matrix metalloproteinases. J Biol Chem
1999;274:21491-21494.
172. Debelle L, Alix AJP. The structures of elastins and their function. Biochimie
1999;81:981-994.
173. Mecham RP, Broekelmann TJ, Fliszar CJ, Shapiro SD, Welgus HG, Senior RM.
Elastin degradation by matrix metalloproteinases. Cleavage site specificity and
mechanisms of elastolysis. J Biol Chem 1997;272:18071-18076.
174. Duca L, Floquet N, Alix AJ, Haye B, Debelle L. Elastin as a matrikine. Crit Rev
Oncol Hematol 2004;49:235-244.
175. Simionescu A, Philips K, Vyavahare N. Elastin-derived peptides and TGF-beta1
induce osteogenic responses in smooth muscle cells. Biochem Biophys Res Commun
2005;334:524-532.
176. Brassart B, Fuchs P, Huet E, Alix AJ, Wallach J, Tamburro AM, Delacoux F, Haye
B, Emonard H, Hornebeck W, Debelle L. Conformational dependence of collagenase
(matrix metalloproteinase-1) up-regulation by elastin peptides in cultured fibroblasts. J
Biol Chem 2001;276:5222-5227.
177. Huet E, Brassart B, Wallach J, Debelle L, Haye B, Emonard H, Hornebeck W.
Effect of elastin peptides on the production of matrix metalloproteinase 2 by human skin
fibroblasts in culture. J Soc Biol 2001;195:165-172.

139

References (Continued)
178. Brassart B, Randoux A, Hornebeck W, Emonard H. Regulation of matrix
metalloproteinase-2 (gelatinase A, MMP-2), membrane-type matrix metalloproteinase-1
(MT1-MMP) and tissue inhibitor of metalloproteinases-2 (TIMP-2) expression by
elastin-derived peptides in human HT-1080 fibrosarcoma cell line. Clin Exp Metastasis
1998;16:489-500.
179. Brooke BS, Bayes-Genis A, Li DY. New insights into elastin and vascular disease.
Trends Cardiovasc Med 2003;13:176-181.
180. Isenburg JC, Simionescu DT, Vyavahare NR. Tannic acid treatment enhances
biostability and reduces calcification of glutaraldehyde fixed aortic wall. Biomaterials
2005;26:1237-1245.
181. Isenburg JC, Karamchandani NV, Simionescu DT, Vyavahare NR. Structural
requirements for stabilization of vascular elastin by polyphenolic tannins. Biomaterials
2006;27:3645-3651.
182. Lee JS, Basalyga DM, Simionescu A, Isenburg JC, Simionescu DT, Vyavahare NR.
Elastin calcification in the rat subdermal model is accompanied by up-regulation of
degradative and osteogenic cellular responses. Am J Pathol 2006;168:490-498.
183. Isenburg JC, Simionescu DT, Starcher BC, Vyavahare NR. Elastin stabilization for
treatment of abdominal aortic aneurysms. Circulation 2007;115:1729-1737.
184. Lee CH, Vyavahare N, Zand R, Kruth H, Schoen FJ, Bianco R, Levy RJ. Inhibition
of aortic wall calcification in bioprosthetic heart valves by ethanol pretreatment:
biochemical and biophysical mechanisms. J Biomed Mater Res 1998;42:30-37.
185. Vyavahare NR, Jones PL, Hirsch D, Schoen FJ, Levy RJ. Prevention of
glutaraldehyde-fixed bioprosthetic heart valve calcification by alcohol pretreatment:
further mechanistic studies. J Heart Valve Dis 2000;9:561-566.
186. Levy RJ, Vyavahare N, Ogle M, Ashworth P, Bianco R, Schoen FJ. Inhibition of
cusp and aortic wall calcification in ethanol- and aluminum-treated bioprosthetic heart
valves in sheep: background, mechanisms, and synergism. J Heart Valve Dis
2003;12:209-16; discussion 216.

140

